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ABSTRACT 
 
 Cognition encompasses important mechanisms with which animals are able to adjust 
their behavior in response to environmental cues. These cognitive processes play a clear role in 
many fitness-related behaviors such as foraging, predator avoidance, and courtship. Thus, how 
these processes have evolved are of key scientific interest. Historically, research on the evolution 
of cognitive traits has largely focused on variation between species. However, particularly in the 
last couple of decades, there has been increasing interest in examining variation in cognition 
within a species. These studies no longer look at intraspecific variation as noise, but see it as 
being potentially adaptive and therefore impacting evolutionary trajectories. Yet, while many of 
these studies seemingly demonstrate the benefits of different cognitive traits, this has inevitably 
led to questions about why intraspecific variation is maintained. How costly are these traits? Are 
there trade-offs that maintain variation?  
The aim of the research in this dissertation is to study the mechanisms that drive and 
maintain intraspecific variation in cognition in threespined sticklebacks. This is done from four 
different angles. First, I tested the hypothesis that learning is part of an overall suite of correlated 
traits related to how an individual copes with changes in the environment, and that trade-offs 
between early learning and responsiveness to changes in learning outcomes may maintain 
cognitive variation. I found that individuals that showed a higher cortisol stress response and that 
were more reactive to a predatory threat were slower to learn a novel discrimination task, but not 
necessarily faster to respond when learning conditions changed. Second, I tested the hypothesis 
that sticklebacks from populations inhabiting different environments are primed to learn different 
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cue associations faster within novel learning conditions. When individuals from two separate 
populations were trained on either a color vs. spatial discrimination task, the two populations 
excelled on different tasks: fish from a river habitat performed significantly better on the side 
version than they did on the color version, while the opposite was observed in fish from a pond 
habitat. Third, I explored the underlying causes of why some individuals are more responsive 
than others when there is a change in learning outcomes (i.e., differences in behavioral 
flexibility) by asking whether individual differences in reversal learning performance were more 
strongly associated with variation in boldness, neophobia and/or inhibitory control. I found that 
early performance on reversal learning trials was associated with all three behavioral traits, while 
time to criterion during reversal learning was independent of the other behaviors. Finally, I took 
advantage of the radiation of sticklebacks to ask whether behaviors predicted to facilitate 
adaptation to new environments (i.e., neophilia and inhibitory control) have evolved as 
stickleback have repeatedly colonized freshwater environments . I found heritable population-
level variation in both behaviors, suggesting that increased flexibility has evolved during the 
stickleback radiation. Altogether these studies highlight the wide range of both intra- and inter-
population cognitive variation that can be found in threespined stickleback and further elucidate 
how trait correlations and ecological differences may drive the maintenance of this variation. 
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CHAPTER 1: TESTING THE PREDICTIONS OF COPING STYLES THEORY IN 
THREESPINED STICKLEBACKS1 
 
ABSTRACT 
 
Coping styles theory provides a framework for understanding individual variation in how 
animals respond to environmental change and predicts how individual differences in stress 
responsiveness and behavior might relate to cognitive differences. According to coping styles 
theory, proactive individuals are bolder, less reactive to stressors, and more routinized than their 
reactive counterparts. A key tenet of coping styles theory is that variation in coping styles is 
maintained by tradeoffs with behavioral flexibility: proactive individuals excel in stable 
environments while more flexible, reactive individuals perform better in variable environments. 
Here, we assess evidence for coping styles within a natural population of threespined 
sticklebacks (Gasterosteus aculeatus). We developed a criterion-based learning paradigm to 
evaluate individual variation in acquisition and reversal learning. We observed strong individual 
differences in boldness, cortisol production, and learning performance. Consistent with coping 
styles, fish that released more cortisol were more timid in response to a predator attack and 
slower to learn a color discrimination task. However, there was no evidence that reactive 
individuals performed better when the environment changed (when the rewarded color was 
                                               
1 Chapter 1 was published in its entirety by Behavioural Processes. Bensky, M. K., Paitz, R., Pereira, L., Bell, A. M. 
(2017). Testing the predictions of coping styles theory in threespined sticklebacks. Behavioural Processes 136: 1-10. 
This article is reprinted with permission of the publisher and is available from 
https://doi.org/10.1016/j.beproc.2016.12.011 
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reversed). The failure to detect trade-offs between behavioral routinization and flexibility 
prompts other explanations for the maintenance of differing coping styles. 
 
INTRODUCTION 
 
 Interest in individual variation in animal cognition is booming (e.g., Bensky et al. 2013; 
Chittka et al. 2009; Matzel et al. 2003; Niemela et al. 2013; Thornton and Lukas 2012). For 
example, a growing number of studies are showing that there is substantial intra-specific 
variation in performance on different cognitive tasks in a wide range of taxa (e.g., birds: Guillette 
et al. 2015; dogs: Nippak and Milgram 2005; primates: Herrmann et al. 2009; rodents: 
Galsworthy et al. 2002). Additionally, there has been increased interest in how individual 
variation in cognition may correspond with consistent individual differences in behavior, or 
animal personalities (Budaev and Brown 2011; Carere and Locurto 2011; Locurto 2007; Sih and 
Del Giudice 2012). As a result, studies exploring the nature of the correlations between various 
animal personality axes and cognitive differences are on the rise (e.g., Bebus et al. 2016; Ruiz-
Gomez et al. 2011; Sneddon 2003), and more attention is being called to developing best-
practices for examining cognitive differences to address these types of questions (Griffen et al. 
2015). However, the proximate and ultimate causes of correlations between cognition and 
behavior are presently unknown. 
Coping styles theory offers a framework for understanding individual variation in 
cognition and behavior. According to this theory, variation in cognition is a part of a suite of 
correlated traits adapted for coping with changes in the environment, with individuals varying 
along the proactive-reactive axis (Koolhaas et al. 1999). At one end of a continuous distribution 
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are proactive individuals, which are relatively exploratory, bold, and aggressive compared to 
their reactive counterparts at the other extreme. A key tenet of coping styles theory is that a cost 
of being proactive is reduced behavioral flexibility: proactive individuals establish initial 
learning contingencies quickly, largely due to their exploratory nature, but then become 
routinized and perform poorly when the reward is reversed (Koolhaas et al. 1999). Reactive 
individuals, on the other hand, are more stress reactive and timid, and may be slow initial 
learners but then quickly respond to environmental change. Following this reasoning, it has been 
suggested that variation along the proactive-reactive axis is maintained by fluctuating selection 
pressures (Thornton and Lukas 2012). Specifically, proactive, inflexible individuals might have 
higher fitness in stable environments while reactive, flexible individuals may be better suited for 
environments that experience moderate change (Benus et al. 1990; Guillette et al. 2011; Niemela 
et al. 2013; Ruiz-Gomez et al. 2011; Verbeek et al. 1994). Additionally, such variation may be 
driven by frequency-dependent benefits (Wolf et al. 2008) or differences in dispersal states 
(Canestrelli et al. 2016). 
Given that different coping styles are expected to reflect variation in how individuals 
respond to challenging conditions or stressors, one of the proximate mechanisms underlying 
coping styles is thought to involve the hypothalamic-pituitary-adrenal (HPA) axis (Koolhaas et 
al. 2010). Indeed, some studies suggest that proactive individuals have relatively low stress 
reactivity and higher sympathetic activity (Carere et al. 2010; Sorenson et al. 2013), but some 
authors have suggested that stress responsiveness is an independent axis of variation (Koolhaas 
et al. 2010). Upon perceiving a stimulus as stressful, the hypothalamus initiates a cascade that 
culminates in an increase in circulating glucocorticoid levels (Sapolsky et al. 2000). Once the 
stimulus is removed or no longer perceived as a threat, feedback loops are triggered to shut down 
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the production of glucocorticoids (Lupien et al. 2009). Several studies in diverse organisms have 
shown that individuals consistently vary in stress responsiveness (repeatability of glucocorticoid 
hormone levels: Boulton et al. 2015; Cockrem et al. 2009; Cook et al. 2012; Fürtbauer et al. 
2015; Ouyang et al. 2011; selection on glucocorticoid responsiveness: Øverli et al. 2005; 
Pottinger and Carrick 1999; Roberts et al. 2007), therefore individual variation in the transient 
production of glucocorticoids has been hypothesized to underlie variation in the behavioral 
response to stress (Carere et al. 2010; Sorensen et al. 2013). These physiological mechanisms 
have also tied coping styles to potential fitness differences in terms of stress-related health and 
disease susceptibility (Constantini et al. 2012; De Boer et al. 2016). 
Individual variation in stress responsiveness has also been linked to variation in cognitive 
performance (Lupien and McEwen 1997; Kosten et al. 2012). For example, lines of trout that had 
been selected for divergent post-stressor cortisol levels differed in cognitive performance: trout 
that produced high levels of cortisol in response to a stressor were quicker to alter their behavior 
in response to food relocation during reversal trials (Ruiz-Gomez et al. 2011). These reactive fish 
were also faster to stop a conditioned response during extinction trials (Moreira et al. 2004). 
Overall, there is a plethora of data (e.g. McEwen and Sapolsky 1995; Øverli et al. 2005, 2007; 
Schoech et al. 2011) demonstrating that glucocorticoids are related to behavioral responses to 
stress and cognitive performance. However very few studies have characterized HPA axis 
function, behavior, and cognition simultaneously, and those that have tend to mostly focus on 
selected lines or domesticated animals (e.g. Benus et al. 1990; Bolhuis et al. 2004; Øverli et al. 
2002, but see Bebus et al. 2016; Øverli et al. 2007). Attempts to simultaneously characterize 
several different facets of coping styles in natural populations are rare due to the time intensive 
nature of collecting extensive individual-based data on many subjects. 
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Here, we took a high-resolution approach to test the generalizability of whether 
individual differences in cognitive performance are part of a larger suite of behaviors, or coping 
styles, in a natural population. Again, much of the work on coping styles has been focused on 
mammalian and avian species (Carere et al. 2010), and while significant work has also been done 
looking at fish, particularly salmonids (Øverli et al. 2005), we were interested in further 
expanding the research applied to these taxa with a focus on natural variation. Here we tested the 
threespined sticklebacks (Gasterosteus aculeatus), a species renowned for their natural 
intraspecific variation in behavior (e.g., Bell 2005; Dingemanse et al. 2007; Girvan and 
Braithwaite 1998; Huntingford 1976; Mamuneas et al. 2015; Odling-Smee and Braithwaite 2003; 
Stein and Bell 2012), and a system that was recently used to investigate behavioral and endocrine 
associations in coping with increased predatory threat (Fürtbauer et al. 2015). Additionally, this 
species has been established as being conducive to fish cognition studies (Girvan & Braithwaite 
1998; Odling-Smee and Braithwaite 2003). We repeatedly measured stress reactivity and 
‘boldness’ towards a model predator on the same individuals and then asked whether those traits 
were related to variation in cognitive performance. We developed a criterion-based method to 
quantify the distribution of individual variation in cognitive performance in a discrimination-
reversal learning paradigm. Subjects were trained to associate a food reward with one of two 
colors. Then, after a success criterion was reached, the stimuli and reward association were 
reversed. We interpret performance on the reversal task as behavioral flexibility (as in Pintor et 
al. 2014; see Stamps 2015), where persistent (proactive, routinized) individuals continue to 
approach the previously learned cue while more flexible (reactive) individuals more quickly 
modify their behavior and learn the new association. According to coping styles theory, we 
predicted that: 1) bolder (proactive) individuals are less stress reactive; 2) bolder individuals 
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learn faster; 3) bolder individuals are less flexible; 4) individuals that are more stress reactive are 
more flexible. 
 
MATERIALS & METHODS 
 
Overview of the experiment  
We measured stress reactivity, “boldness”, learning and behavioral flexibility on the 
same individual sticklebacks in a fixed order. Individuals were measured for stress 
responsiveness on two occasions. We used a non-invasive method that samples cortisol released 
from the gills into the water following confinement stress for 4.5 hours (Sebire et al. 2007; 
Sebire et al. 2009; Aubin-Horth 2012). Individual differences in “boldness” were measured by 
testing the same individuals for their response to a model predator on four occasions. Finally, the 
same subjects were tested for learning performance in a color discrimination task and for 
behavioral flexibility in a reversal-learning task. 
 
Subjects 
 Adult sticklebacks were collected from Putah Creek, CA in April 2014 prior to the onset 
of the breeding season. Fish were transported to the University of Illinois Urbana-Champaign 
where they were housed in 37 L tanks in groups of five for approximately four weeks until 
experiments began. Fish were housed in 20 degrees Celsius water and were placed on a summer 
(16L: 8D) photoperiod. A recirculating flow-through system consisting of a series of particulate, 
biological, and UV filters (Aquaneering, San Diego, USA) was used to clean the water. 10% of 
the water volume in the tanks was replaced each day. The fish were fed a mixed diet consisting 
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of frozen bloodworms, frozen brine shrimp, and frozen Mysis shrimp ad lib each day except 
during the learning trials (see below). Ten individuals were randomly selected for this 
experiment (females: n = 6, average length = 43.8 mm, average mass = 1.02 g; males: n = 4, 
average length = 42.5mm, average mass = 0.87g). Females were not gravid during the 
experiment and males showed no evidence of nuptial coloration. Each individual was marked by 
clipping a unique combination of their dorsal and/or pelvic spines. 
 
Cortisol release rate 
The purpose of this experiment was to determine whether there were consistent 
individual differences in stress reactivity. The hypothalamic-pituitary-interrenal (HPI) response 
of each fish was characterized by measuring the amount of cortisol released into water at five 
time points over the course of 4.5 hours. This process was repeated one week later in order to 
determine whether individual differences in cortisol release rate were stable over a one-week 
period.  
Fish were transferred to individual static 100 mL tanks and left undisturbed for 30 
minutes. Then, a 50 mL water sample was collected from a release valve at the bottom of the 
tank. The water supply was turned on and allowed to run for 30 minutes to flush the cortisol-
laden water from the tank. Preliminary trials confirmed that turning on the water supply for 30 
minutes flushed the tank sufficiently such that cortisol could no longer be detected in the water. 
Following the 30-minute flush, the water supply was turned back off to allow another 30 minutes 
of static water to collect cortisol. This process was repeated so that we generated water samples 
from minutes 0-30, 60-90, 120-150, 180-210, and 240-270. Fish were returned to their home 
tank once sample collection was complete.  
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Water samples (10 fish x 5 samples/trial x 2 trials = 100 samples) were frozen at -20°C 
until steroid quantification. Freeze storage of water samples does not influence steroid 
concentrations (Ellis et al. 2004). Steroids were extracted from water samples by pulling water 
through C18 Sep-Pak cartridges (Waters Ltd.) that had been primed with 5 mL methanol 
followed by 5 mL distilled water. After the sample had dripped through at a rate of 
approximately 2 mL/min, the cartridge was washed with 5 mL of distilled water and the steroids 
were then eluted with 5 mL of diethyl ether. The ether was dried under nitrogen and submitted to 
Metabolomics Center, Roy J. Carver Biotechnology Center, University of Illinois at Urbana-
Champaign. 
Samples were analyzed via mass spectrometry with the 5500 QTRAP LC/MS/MS system 
(AB Sciex, Foster City, CA). The 1200 series HPLC system (Agilent Technologies, Santa Clara, 
CA) includes a degasser, an autosampler, and a binary pump. The LC separation was performed 
on a Phenomenex C6 Phenyl column (2.0 x 100mm, 3µm.) with mobile phase A (0.1% formic 
acid in water) and mobile phase B (0.1% formic acid in acetonitrile). The flow rate was 0.25 
mL/min. The linear gradient was as follows: 0-1 min, 80%A; 10 min, 65%A; 15 min, 50%A; 20 
min, 40%A; 25 min, 30%A; 30 min, 20%A; 30.5-38 min, 80%A. The autosampler was set at 
5°C. The injection volume was 5 µL. Mass spectra were acquired under positive electrospray 
ionization (ESI) with the ion spray voltage of 5500 V. The source temperature was 500 °C. The 
curtain gas, ion source gas 1, and ion source gas 2 were 36 psi, 50 psi, and 65 psi, respectively. 
Multiple reaction monitoring (MRM) was used to measure cortisol with the Q1-Q3 transition of 
363.1 – 121.0 (m/z). In order to control for possible size effects, cortisol release rates were 
calculated as the amount of released cortisol per gram of body weight per hour (ng/g/hr). 
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Boldness assays 
Three weeks after the steroid measures were complete, each individual was observed in a 
standardized behavioral assay designed to measure boldness in response to a predatory threat. 
The response of each individual fish to a model predator was recorded. Each individual was 
tested on four consecutive days in order to determine whether individual differences in behavior 
were consistent over time. 
The testing arena was a circular plastic pool (150 cm diameter) filled to a depth of 10 cm 
of water (Figure 1.1a). An opaque refuge (10 cm diameter, 10 cm height) was placed in the 
center of the pool. The pool was divided into nine equally-sized sections (one centered, eight 
around the perimeter), with drawn lines demarking each of these sections. A rock was placed 
into each of the perimeter sections, providing objects to “explore” or additional refuges. 
 At the start of an assay, a randomly selected individual was gently caught from their 
home group tank, identified via spine clips, and then placed into the refuge at the center of the 
pool where it was allowed to acclimate for three minutes. Behavioral observations were recorded 
by an observer positioned behind a blind. After three minutes, the observer opened the side of the 
refuge remotely and waited for the fish to emerge. After fully emerging, the fish was given three 
minutes to freely explore the pool. Baseline activity levels were recorded over this time period 
by recording the number of transitions the fish made between sections (sections before the 
attack). We then simulated a predator attack by moving a clay predator model (sculpin, 20 cm 
length; Figure 1.1b) from a hidden location into the section of the pool that contained the focal 
fish. Sculpin (genus: Cottus) are a natural predator to freshwater populations of stickleback 
(Pressley, 1981). This stimulus elicited a freezing response, which has been found to be an 
effective antipredator response (McGhee et al. 2012). After the individual resumed movement, 
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we recorded the number of transitions made between sections for three more minutes (sections 
after the attack). To confirm that the predator attack influenced behavior, and that movement 
after the predator attack is a reasonable measure of boldness, we compared movement before and 
after the attack. Locomotion is conspicuous, therefore we predicted that on average the fish 
should move into fewer sections after the attack if they were exhibiting an antipredator response. 
After the completion of each assay the individual was placed back into their group tank. One 
individual died of unknown cause between day 3 and 4 of the behavioral assays; the behavior of 
this fish was not obviously different from the others. Therefore, the data from the deceased fish 
is included in all analyses except those involving the learning trials since those were carried out 
after the boldness assays.  
 
Learning trials 
 Three weeks after the ‘boldness’ assays were complete, we measured individual 
differences in performance in an associative learning task. Each fish was simultaneously 
presented with a yellow and a blue cup, with the yellow cup rewarded with food. We infer that a 
fish learned the color association task when it reached criterion (two consecutive days of at least 
8 out of 10 correct trials).  
Each fish was moved into a 36 cm long x 33 cm wide x 24 cm high (26.5 L) tank where 
they were housed individually. Prior to the learning trials, fish were acclimated to eating out of 
cups, and to repeatedly being placed in a shelter. Additionally, through these pre-training trials 
the fish were given the opportunity to learn that food could potentially be available at two 
different food sites. The fish only obtained food during the learning trials in order to maintain 
motivation. All the fish readily ate food from both food sites over these pre-training sessions and 
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consistently decreased their latency to emerge from the shelter to approach one of these food 
sites, which we interpreted as motivation to access these sites. Criteria were used to assure that 
the fish were sufficiently acclimated to the training environment and motivated to access the 
food sites before training trials began on the following day. Specifically, individuals were 
required to eat out of both cups within 10 minutes on three consecutive days before moving on to 
the shelter acclimation phase. For this phase, individuals needed to emerge from the shelter, find 
the available food and eat it within 10 minutes on two daily trials for three consecutive days 
before moving on to the training trials.  
 Yellow/Blue Discrimination Phase: Fish received one learning session per day. Each 
session consisted of 10 trials. All of the nine fish completed a trial before the next round of trials 
was started (i.e., all fish received Trial 1 before moving onto Trial 2), so there was an average of 
15-20 minutes between each trial for a single individual. The side that was rewarded during each 
trial was pseudo-randomized for each individual fish according to the following two rules: 1) 
half of the trials were rewarded on each side, and 2) a single side could not be rewarded more 
than two trials in a row. During each trial, the fish was placed in the shelter at the back of the 
tank. While the fish was in the shelter, two reward cups were placed as they were during the pre-
training trials (Figure 1.1c). A petri dish was then placed into the base of each cup. One petri 
dish was designated the “Incorrect Reward Dish,” which contained five bloodworms and was 
covered with electrical tape to prevent access to the worms. Holes in the tape allowed 
chemical/odor cues to emanate from the dish, but the holes were too small for the bloodworms to 
be removed. The other petri dish was designated the “Correct Reward Dish.” This dish had 
electrical tape lining its rim to limit the odor cues from the tape being used as a discriminatory 
cue, but nothing obstructed access to the contents of the dish. As seen with many other visual 
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discrimination studies (e.g., Nippak and Milgram 2005; Ruiz-Gomez et al. 2011), making sure 
food cues were present in both potential food sites prevented the food cues themselves from 
directing the animal’s choice. During this phase the yellow cup was always rewarded, so it was 
placed on the designated rewarded side and the “Correct Reward Dish” was placed in it. Using a 
dropper, two bloodworms were placed into the “Correct Reward Dish” per trial. The “Incorrect 
Reward Dish” was then placed into the Blue cup on the opposite side. After the cups were set up, 
and the fish had been in the shelter at least a minute, the cork of the shelter was removed. Once 
the fish had exited the shelter, we recorded whether the fish approached the designated choice 
region of the rewarded (yellow) or unrewarded (blue) cup (see Figure 1.1c). If the fish first 
approached the choice region of the yellow cup, the trial was marked as a “correct choice.” If the 
fish first approached the choice region of the blue cup, the trial was marked as an “incorrect 
choice.” Regardless of whether the first choice was correct, the fish was allowed to explore the 
tank until it found the “Correct Reward Dish,” and was given a chance to eat the worms. This 
was important because it gave each individual an equal opportunity to associate the rewarded 
stimulus cues with the food reward, regardless of the first choice. If the fish entered at least one 
of the choice regions, but did not eat the worms within 5 minutes of making a choice, the trial 
ended, and it was noted that they did not receive food on that trial. The Yellow/Blue 
Discrimination phase continued until the fish had met the criterion of two consecutive days of at 
least 8 correct choices out of 10 trials. This criterion is similar to those used in other published 
discrimination learning studies (Guillette et al. 2011; Nippak et al. 2003; Tapp et al. 2003), 
though we decided to base our criterion exclusively on consecutive day performance in order to 
help ensure long-term retention of the trained contingencies. From a statistical standpoint, this 
criterion makes it very unlikely that a fish would perform at criterion level simply due to chance 
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(binomial distribution: p = 0.003). Once this criterion was met, the Reversal Learning Phase 
started during the next session. 
 
Measuring individual differences in learning flexibility 
 The purpose of this experiment was to quantify individual differences in reversal learning 
performance, which we interpret as flexibility (Bond et al. 2007). This experiment was the same 
as the Yellow/Blue discrimination phase except that now the blue cup was rewarded during each 
trial. The criterion was again that the fish had to get 8 out of 10 trials correct on two consecutive 
days.  
 
Statistical Analysis 
 Given previous findings showing correlations between boldness and sex (e.g., Brown et 
al. 2007; Harris et al. 2010) and body size (e.g., Brown and Braithewaite, 2004), we tested for 
differences between the sexes using t-tests, and we tested for an effect of body length on bold 
behavior using Pearson correlations.  
To estimate repeatability, we used Bayesian statistics with Markov Chain Monte Carlo 
simulations using the MCMCglmm package (Hadfield, 2010) in R 3.1 (http://www.r-
project.org/). We computed the repeatability of stress reactivity by computing the average 
cortisol across the five measures within a week, and estimated the repeatability of average 
cortisol across the two weeks. Average cortisol was normally distributed. Week and Individual 
were included as random effects. We estimated the repeatability of boldness (sections after the 
attack) across four days, while including Day and Individual as random effects and Sex as a 
fixed factor since there was evidence of a sex effect on behavior (see Results). As our measure of 
14 
 
boldness is a count-based measure, a Poisson distribution was used. For all analyses, we used 
non-informative proper priors (Hadfield 2010) with 500 000 iterations, thinning of 100 iterations 
and a burn-in of 1000 iterations. Through these simulations, 95% confidence intervals were 
generated and reported (in brackets) around our repeatability estimates. To determine the 
significance of our estimates we evaluated the lower bounds of the 95% confidence interval and 
looked to see that they were not near zero. To confirm that the fish were responding to the 
predator attacks, we compared the average sections entered before and after the attacks, and 
performed a t-test to test to see if there was significant decrease in movement after seeing the 
predator.  
Finally, to test the predicted associations made by coping styles theory, we analyzed 
pairwise correlations between average cortisol release rate, sections after the attack, sessions to 
reach criterion on initial learning, and performance on the first reversal session using Pearson 
correlations. In the case of correlations involving boldness, since there was a trend for an effect 
of sex, we used partial correlations controlling for sex. All statistical analyses were carried out 
using R 3.1 (http://www.r-project.org/). 
 
RESULTS 
 
Cortisol release rate 
On average, cortisol release rate declined over time within a session, such that cortisol 
release rate was lower four hours after isolation compared to initially (t9 = 2.37, p = 0.0417, 
Figure 1.2a). Additionally, there were consistent individual differences in cortisol release rate 
over time, with some individuals consistently releasing more cortisol than others across the two 
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sampling periods (repeatability of sample average, R =0.6159 [0.2252, 0.9218], n=10, Figure 
1.2b). 
 
Boldness  
There were consistent individual differences in boldness across the four measurements (R 
= 0.4980 [0.0817, 0.8244], n=10, Figure 1.3a). 
On average, sticklebacks were less active after the simulated predator attack compared to 
before (t9 = 4.026, p = 0.003; Figure 1.3b), which suggests that the fish perceived the model 
predator as a threat. There was no indication that the decline in activity reflects habituation to the 
testing environment: there was no decline in activity across the 3 minutes prior to the predator 
attack (1st minute = 11.23 sections, 2nd minute mean = 12 sections, 3rd minute mean = ll.95 
sections). There was a trend for males to be more active than females after the attack (t 8 = 2.248, 
p=0.055; males: n=4, mean ± sd = 27.34 ± 7.599 sections; females: n=6, mean ± sd = 17.42 ± 
6.343 sections). We did not detect a difference in body length between male and female fish (t 7 
= 0.472, p=0.651; males: n=4, mean ± sd = 42.5 ± 4.203 mm; females: n=6, mean ± sd = 43.83 ± 
4.622 mm), and did not detect a significant correlation between length and boldness (t 8 =0.6288, 
p=0.547). Therefore, variation in activity among individuals or between males and females was 
not driven by differences in body size. 
 
Learning  
Sticklebacks learned to associate the yellow cup with food. Indeed, all individuals met 
the criterion (80% correct for two consecutive sessions) in the initial learning phase (Figure 
1.4a). During the first few sessions, individuals appeared to choose randomly, but average 
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performance improved with subsequent training (Figure 1.4a). On average, it took 5.78 sessions 
(sd=2.86) to reach the criterion, but individuals differed: the fastest individual met the criterion 
in two sessions, while the slowest individual took eleven sessions to reach criterion.  
 
Flexibility 
It took longer for fish to learn to associate the blue cup with food after they had been 
trained to associate the yellow cup with food. Indeed, performance during the first session of 
reversal training was very poor: on average, sticklebacks went to blue, the previously-learned 
cue, during 79% of the trials in the first session, which suggests that sticklebacks were relying on 
a previously-learned association (Figure 1.4b). On average, it took 8.67 sessions (sd=3.77) to 
reach criterion during the reversal phase (Figure 1.4b). The fastest fish during this phase met the 
criterion in three sessions while the slowest learner never reached criterion, even after 17 
sessions. Interestingly, the individual that took the longest to reach criterion during the initial 
learning phase also took the longest to reach criterion during the reversal learning phase. 
 
Testing the predictions of coping styles theory 
Coping styles theory predicts that bolder individuals are less physiologically responsive 
to stress. Consistent with this hypothesis, we found that bolder fish had a lower average cortisol 
release rates across the two weeks sampled (partial r controlling for sex = -0.707, n=10, p = 
0.022, Figure 1.5a). We also found support for the prediction that bolder individuals learn faster: 
bolder fish reached criterion during in the color discrimination task in fewer trials than relatively 
shy fish (partial r controlling for sex = -0.712, n=9, p = 0.032, Figure 1.5b). Moreover, the 
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individuals that released more cortisol over time were also the ones that took more trials to reach 
criterion in the color discrimination task (r = 0.722, n = 9, p = 0.028, Figure 1.5c). 
Coping styles theory also predicts that bold (proactive) individuals are more routinized 
and less behaviorally flexible. However, we did not detect any statistically significant 
relationships between the number of sessions to criterion during reversal training and any of the 
other measures, and indeed the direction of the observed relationships between traits is opposite 
to our predictions. For example, we predicted a negative relationship between initial color 
discrimination performance and reversal learning. However, sessions to initial criterion and 
sessions to reversal criterion were not negatively correlated, and indeed the (non-significant) 
pattern was positive (r = 0.467, n = 9, p = 0.206, Figure A.1a). Similarly, contrary to our 
predictions, a negative correlation was not observed between boldness and reversal learning, and 
indeed the (non-significant) pattern was that bolder individuals performed better during reversal 
learning (partial r controlling for sex = -0.491, n = 9, p = 0.180, Figure A.1b). Finally, again 
contrary to our original predictions, we observed more stress reactive individuals took longer to 
reach the reversal criterion, although this was not statistically significant (r = 0.458, n = 9, p = 
0.2155, Figure A.1c). 
It is possible that the number of mistakes during the first reversal session might be a 
better measure of behavioral flexibility than time to criterion (Bebus et al. 2016; Bond et al. 
2007). For example, individual differences in time to reversal criterion might reflect a general 
difference in learning performance rate, whereas initial performance (number of mistakes) might 
more effectively capture how individuals immediately respond to a change in the environment. If 
this is the case, then proactive individuals might have made more mistakes during the first 
reversal session. However, we found no evidence that proactive individuals made more mistakes; 
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we did not detect any significant correlations between the number of mistakes and the other 
measures (time to criterion during initial learning (r = 0.064, n = 9, p = 0.870), cortisol (0.483, n 
= 9, p = 0.188), boldness (partial r controlling for sex = -0.080, n = 9, p = 0.838); Figure A.1 d-
f). 
 
DISCUSSION  
 
We observed strong inter-individual variation among wild-caught individual sticklebacks 
from a natural population. These results are consistent with several studies that have documented 
extensive variation among individuals within stickleback populations (e.g. Bell 2005; 
Dingemanse et al. 2007; Fürtbauer et al. 2015; Huntingford 1976). For example, some 
sticklebacks were consistently more bold than others toward a model predator. Stable individual 
differences in boldness is consistent with previous studies showing dramatic inter-individual 
differences in boldness in this species (Bell 2005; Huntingford 1976; Mamuneas et al. 2015) and 
with the growing literature on personality in animals generally (Bell et al. 2009). Also consistent 
with past studies on fish boldness was the trend that males are bolder than females (e.g., Brown 
et al., 2007; Harris et al., 2010; King et al. 2013). Additionally, we also observed that some 
individual sticklebacks were consistently more stress reactive than others. This result agrees with 
previous studies in stickleback (Fürtbauer et al. 2015) and other animals showing intraspecific 
variation in the responsiveness of the hypothalamic-pituitary-adrenal axis to stressors (e.g. 
Boulton et al. 2015; Cook et al. 2012; Cockrem et al. 2009; Ouyang et al. 2011). Finally, some 
individual sticklebacks were also clearly faster at learning a color discrimination task than others, 
and there was substantial inter-individual variation in performance on a reversal learning task. 
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Examining the correlations of these facets, previous work on stickleback found basal cortisol and 
anti-predator behavior covaried within individuals across multiple trials (Fürtbauer et al. 2015). 
In the current study we found evidence that across individuals boldness covaried with stress 
reactivity and initial learning as predicted by coping styles theory, but we found no support for 
the prediction that timid, stress reactive individuals are more behaviorally flexible even after 
controlling for the effect of sex on boldness. 
One of the strengths of this study is that our criterion-based learning protocol captured a 
wide swath of variation in performance on a cognitive task. While our approach required an 
extended pre-training period and prolonged testing of certain individuals (e.g. it took one 
individual 11 sessions to finally reach criterion during initial testing), all of the animals in this 
study eventually learned to associate the yellow cup with the food reward. Further evidence of 
the effectiveness of our training protocol is revealed by the animals’ poor performance during the 
first session of reversal testing: whereas individuals appeared to choose randomly between the 
two colors during the first few sessions of initial testing, they showed a strong preference for 
yellow (the previously rewarded color) during the first few sessions of reversal testing (Figure 
1.4b). Yet, again the fish were all eventually able to reach the reversal criterion, suggesting that 
the use of this paradigm was appropriate for this system. 
  Consistent with the predictions of coping styles theory and with previous studies 
(Hennessey et al. 2001; Raoult et al. 2012; Tudorache et al. 2013, but see Boulton et al. 2015; 
Ferrari et al. 2013), individual sticklebacks that were bolder were also less stress reactive. 
Moreover, less stress reactive individuals learned faster, and bolder individuals learned faster 
(similar to Bebus et al. 2016). While the effects of cortisol on learning and memory can be quite 
dynamic, these findings are consistent with previous research suggesting that long-term baseline 
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elevations in cortisol impede learning (Lupien et al. 1998; 2009). The positive association 
between boldness and cognitive performance is consistent with other studies (e.g. Dugatkin and 
Alfieri 2003; Guillette et al. 2009; Sneddon 2003; though see Cole et al. (2011)), and with 
previous work on trout that found that bold individuals were more behaviorally labile than their 
timid counterparts (Frost et al. 2007; Thomson et al. 2012). In some previous work, however, it 
is difficult to know whether bold individuals learned faster because they were more exploratory 
and had more opportunities to interact with their environments and therefore faster to learn 
(DePasquale et al. 2014; Sih and Del Giudice 2012). Importantly, we ran trials until the fish 
found the correct cup, even if the correct cup was not their first choice, which standardized the 
opportunity to gain information from each trial for all individuals in this study (Griffen et al. 
2015). Therefore, bold individuals were not able to gather any more information that timid 
individuals. 
Our results suggest that there are many advantages to being bold and proactive: proactive 
individuals have lower cortisol (chronically high cortisol can be harmful, Sapolsky et al. 1985, 
1990) and they are better learners. Therefore what is maintaining timid individuals within this 
population? A popular idea from coping styles theory is that proactive individuals are better at 
learning novel contingencies, but become routinized and have a difficult time breaking away 
from established behavioral patterns when learning contingencies change (e.g., Bolhuis et al. 
2004). According to this reasoning, reactive individuals are maintained within populations 
because they are behaviorally flexible, and perform better when the environment changes.  
However, we found no evidence that proactive individuals were less behaviorally 
flexible: neither of our two measures of behavioral flexibility (number of mistakes and time to 
criterion during the reversal phase) were significantly correlated with the other traits. One 
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possible explanation for the failure to detect tradeoffs with behavioral flexibility is because we 
did not have sufficient statistical power to detect them. While the use of a high-resolution 
approach was very successful in producing a rich dataset that allowed us to simultaneously 
explore multiple facets of coping styles within each individual, it was extremely time intensive 
and resulted in a limited sample size. However, the observed correlation coefficients between 
behavioral flexibility and the other traits ranged from 0.4-0.46, or ‘medium-large’ effect sizes 
(Cohen 1992), and the direction of the relationships were opposite to those predicted.  
A lack of positive results could also be due to the learning paradigm chosen. Reversal 
learning is commonly used to measure behavioral flexibility (Stamps 2015), but the exact 
behavioral mechanisms driving performance of this task are unclear (Izquierdo et al. 2012; 
2016). Traditionally, performance during reversal learning was largely thought to reflect 
differences in inhibition control. However, more recent studies on rats of the underlying neural 
substrates suggest that differences related to sensory perception and awareness of unexpected 
results are likely to be involved (Chudasama et al. 2003; Schoenbaum et al. 2009). In other 
words, there might be multiple independent neural networks underlying reversal learning 
performance (Jentsch et al. 2014) and the facets linked to proactive/reactive behavioral types 
may be difficult to isolate with this paradigm. Additionally, tasks aimed at measuring attention 
sensitivity and behavioral inhibition separately (e.g., 5 choice serial reaction time task 
[5CSRTT]) in rats find that these behaviors can be manipulated independently (Chudasama et al. 
2003; Paine et al. 2007). So perhaps the use of tasks aimed at isolating specific behavioral factors 
underlying reversal learning performance (e.g., 5CSRTT or barrier tasks) would provide better 
insights towards to coping styles predictions. 
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Another possibility for the failure to detect tradeoffs with behavioral flexibility is that it 
might not be as costly as is often assumed. While it has been suggested that there are cognitive 
trade-offs between novel learning and learning flexibility due to physiological and behavioral 
constraints (Chittka et al. 2009; Koolhaas et al. 1999; Sih and Del Giudice 2012), there are 
mixed results in the literature about the relationship between performance during initial and 
reversal learning (e.g., Bebus et al. 2016; Boogert et al. 2010; Guillette et al. 2015; Head et al. 
1998) and some authors have suggested that flexibility and initial learning are independent 
(Ferrari et al. 2013; Koolhaas et al., 2010; Steimer et al. 1997), or even positively correlated 
(Ga1sworthy et al. 2002; Matzel et al. 2003). For example, as in humans (Plomin 2001), there 
might be a domain-general intelligence factor (g) in nonhuman animals that causes some 
individuals to be simply “smarter” relative to others in the population, and some individuals 
consistently do better on most cognitive tasks (Ga1sworthy et al. 2002; Matzel et al. 2003). Our 
findings are consistent with this idea, in that performance during initial and reversal learning 
were weakly (but nonsignificantly) positively correlated (r~0.4), and the individual that took the 
longest to reach criterion during the initial learning phase also took the longest to reach criterion 
during the reversal learning phase. Finally, it is possible that tradeoffs with behavioral flexibility 
do not help to maintain reactive individuals within populations, and there are other costs of being 
proactive such as increased vulnerability to predation (Bell and Sih 2007; Smith and Blumstein 
2008).  
There is growing interest in understanding the physiological and cognitive causes of 
behavioral variation. Testable theory such as coping styles provides a framework for 
understanding how and why different axes of variation are associated. Coping styles theory 
surmises that there is an entire suite of traits that distinguish between proactive and reactive 
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individuals. Until recently, coping styles research has largely focused on extreme, discrete 
variation that results from selective breeding programs. This study adds to the growing number 
of studies in a wide range of species that have developed paradigms (e.g., criterion-based 
learning: Guillette 2011; 2015; stress response: Boulton et al. 2015) that can accurately measure 
natural intraspecific variation of different facets of coping styles in a way that is objective and 
non-biased. 
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FIGURES 
 
 
Figure 1.1. Experimental set up. a) Top-down view of tank set up for boldness assay. Kiddie 
pool was divided into 9 sections and marked A-I. Starting shelter was placed in the middle of 
section A. Black symbols in each section represent stones that were placed for investigation and 
additional shelter. b) Photo of sculpin model used for boldness assay. c) Top-down view of 
the tank set up for training trials. Fish were acclimated to environment by repeatedly being 
placed in the starting shelter and then allowed to make a choice. The same set up was also used 
for actual training trials. Striped regions show the choice regions. Once a fish entered either of 
these regions, its choice was noted. 
c) 
a) b) 
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Figure 1.2. Cortisol repeated measures. a) Average cortisol release rate across the five 
sampling periods. Cortisol release rate was significantly lower 270 minutes after the start of 
isolation compared to 30 minutes (n=10). b) Individual differences in average cortisol release 
rate across the two sampling weeks. Each line represents an individual fish (n=10). 
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Figure 1.3. Boldness measures. a) Repeatability of boldness (total sections entered after 
predator attack) across four days. Each line represents an individual fish (n=10), with the 
same symbols for individuals as in Figure 1.2b. One individual (Fish 10) died after day 3. b) 
Difference in activity before and after predator attack. Fish moved less after the attack 
suggesting that predator model was perceived as a threat by the fish. The values on the y-axis 
represent the number of times each fish moved into a different section of the pool over the time 
observed. Grey lines indicate the average behavioral change in response to the predator attack for 
each individual fish, with the same symbols for individuals as in Figure 1.2b. 
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Figure 1.4. Individual learning curves during the a) initial learning, and b) reversal 
learning discrimination phases. Lines represent the performance of individuals across sessions, 
with the same symbols for individuals as in Figure 1.2b. Criterion was reached when the 
proportion of correct choices was greater than or equal to 0.8 (marked by horizontal grey line) on 
two consecutive sessions. Note the poor performance during the first and second sessions of the 
reversal learning phase, suggesting that fish initially relied on the previously-learned association. 
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Figure 1.5. Scatterplots showing results consistent with coping styles theory. Each data point 
represents a different individual, coded by sex (open circles = females, closed circles = males) a) 
Bolder individuals (i.e., fish that entered more sections after the predator attack) had lower 
average cortisol release rates across two weeks. b) Bolder individuals reached criterion in the 
initial color discrimination task in fewer sessions. c) Individual fish with higher average cortisol 
release rates took more sessions to reach criterion in the initial color discrimination task. 
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CHAPTER 2: INTRASPECIFIC VARIATION IN CUE-SPECIFIC LEARNING IN 
STICKLEBACKS2 
 
ABSTRACT 
 
Animals must identify reliable cues amidst environmental noise during learning, and the 
cues that are most reliable often depend on the local ecology. Comparing the performance of 
populations of the same species across multiple versions of a cognitive task can reveal whether 
some populations learn to use certain cues faster than others. Here, using a criterion-based 
protocol, we assessed whether two natural populations of sticklebacks differed in how quickly 
they learned to associate two different discrimination cues with the location of food. One version 
of the discrimination task required animals to use visual (colour) cues while the other required 
animals to use egocentric (side) cues. There were significant behavioural differences between the 
two populations, but no evidence that one population was generally better at learning, or that one 
version of the task was generally harder than the other. However, the two populations excelled 
on different tasks: fish from one population performed significantly better on the side version 
than they did on the colour version, while the opposite was observed in the other population. 
These results suggest that the two populations are equally capable of discrimination learning, but 
are primed to form associations with different cues. Ecological differences between the 
populations in environmental stability might account for the observed variation in learning. 
                                               
2 Chapter 2 was published in its entirety by Animal Behaviour. Bensky, M. K., Bell, A. M. (2018). Intraspecific 
variation in cue-specific learning in sticklebacks. Animal Behaviour 137: 161-168. This article is reprinted with 
permission of the publisher and is available from https://doi.org/10.1016/j.anbehav.2018.01.003 
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These findings highlight the value of comparing cognitive performance on different variations of 
the same task in order to understand variation in cognitive mechanisms. 
 
INTRODUCTION 
 
 There are multiple biotic and abiotic stimuli in the environment that might be associated 
with factors important for fitness such as food, predators, or conspecifics. When attentional 
capacities are limited, animals must decide which cues to prioritize, and this can lead to selective 
attention toward certain cues over others (Gottselig et al. 2001). Animals often learn to associate 
salient cues with rewarding (or adverse) behavioural outcomes faster than they do with non-
salient cues (Mackintosh 1975; Rescorla and Wagner 1972; Treviño 2016). Correctly identifying 
cues that are the most reliable and relevant to specific outcomes can improve fitness. Provided 
that there is genetic variation for sensitivity to environmental cues (e.g., Visser et al. 2011), the 
cognitive mechanisms that prime organisms to attend to the most ecologically-relevant stimuli 
are likely to be honed by natural selection, thereby leading to adaptive differences in the rate at 
which animals that inhabit different environments learn to associate different types of cues with 
behavioural outcomes.  
Indeed, animals are often primed to learn to associate certain environmental cues with 
specific outcomes faster than others. For example, young birds are predisposed to learn species-
specific over heterospecific songs (reviewed in Wheatcroft and Qvarnström 2015). Similarly, 
dogs prioritize attending to egocentric cues (i.e., cues relative to their body position) over 
allocentric cues (i.e., landmarks) to locate objects (Fiset et al. 2000). Selection should favor cue-
specific learning when certain combinations of cues and outcomes are more likely to occur in 
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nature. For example, rats quickly learned to associate an olfactory cue (but not an auditory cue) 
with sickness, possibly because reliable associations between olfactory cues and food-related 
illness are more likely to occur in nature (i.e., selective association; Garcia and Koelling 1966). 
These examples suggest that differential associative learning speeds between different types of 
cues are likely to be adaptive and widespread. Adaptive, fine scale variation in cue-specific 
learning has implications for the evolution of cognition. One promising tactic for investigating 
this is to compare the rates at which populations of the same species from different environments 
learn to associate different cues with a reward. 
Threespined stickleback (Gasterosteus aculeatus) are good subjects for studying the 
adaptive significance of intraspecific variation in cognition. Sticklebacks occupy a variety of 
different freshwater environments that vary in water clarity, predation intensity, habitat 
complexity and stability. Sticklebacks exhibit tremendous intraspecific diversity in 
morphological, physiological, behavioural and cognitive traits (Bell and Foster 1994). Indeed, a 
number of studies have reported ecologically-driven variation in cue use during learning in 
sticklebacks (Braithwaite and Girvan 2003; Brydges et al. 2008; Duffy et al. 2009; Girvan and 
Braithwaite 1998; Odling-Smee and Braithwaite 2003; Odling-Smee et al. 2008) and have 
suggested that populations have biases for specific spatial and/or environmental (e.g., water 
flow) cues. For example, sticklebacks from rivers (where visual landmarks are likely to change 
quickly), tended to rely more on movement-based algorithms (e.g., always turn left or use a 
specific turn sequence) to locate food, while sticklebacks from ponds (where visual landmarks 
are more likely to be stable and reliable) depended more on visual landmarks to complete the 
maze (Girvan and Braithwaite 1998; Odling-Smee et al. 2003).  
While these findings are consistent with the hypothesis that there is adaptive intraspecific 
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variation in cue use during learning, the experiments did not specifically isolate the cues 
available during learning, and therefore the studies were unable to decisively conclude that 
populations learned to follow certain cues faster than others. For example, Odling-Smee and 
Braithwaite (2003) trained sticklebacks from ponds and streams in a T-maze to follow a 
combination of landmark and egocentric cues (e.g., food was always at the end of the left arm of 
the maze and a plant was always placed towards the left arm). Once a fish reached criterion, a 
probe trial put the two types of cues into conflict (e.g., food was moved to the right arm, but the 
plant landmark remained near the left arm). Consistent with the hypothesis of ecologically-
driven differences in cue use, the pond and river populations differed in the proportion of 
individuals that used landmark versus egocentric cues. However, because the two types of cues 
were conflated during the learning trials that preceded the probe trial, whether the populations 
differed in how quickly they associated one versus the other type of cue with the reward is 
unknown. Similarly, Girvan and Braithwaite (1998) trained sticklebacks from different 
populations to navigate a maze either with or without visual plant landmarks. In both treatments, 
the turn-sequence for solving the maze was the same across trials, which meant that the 
egocentric and allocentric cues were redundant in the landmark-trained group. Therefore, 
differences in learning speeds could not be attributed to a specific cue (for an example with 
isolated spatial cues that measures learning speeds in goldfish see Rodriguez et al 1994). 
Here we build upon these findings by comparing the learning performance of 
sticklebacks from two populations on two versions of the same task that differ in the particular 
discriminatory cue that is available to use during learning. In one version, sticklebacks could use 
visual (colour) cues to solve the task. In the other version, sticklebacks could use egocentric 
spatial (side) cues to solve the task. Spatial memory and colour discrimination likely involve 
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dissociated regions of the brain (Hampton and Shettleworth 1996), and brain regions associated 
with spatial memory are evolutionarily conserved in vertebrates (Rodriguez et al. 2002). Thus, 
comparing performance between the colour and side versions of the task may provide insights 
into how ecological variation can drive variation in learning that involve partially independent 
brain regions. We used a criterion-based protocol which allowed us to quantify how quickly 
individuals learned to follow a particular discriminatory cue. While previous studies suggested 
that populations have preferences for different cues (Girvan and Braithwaite 1998; Odling-Smee 
et al. 2003), our experiment explicitly tests whether populations differ in how quickly they 
associate different discriminatory cues with reward outcomes. We assume that individuals learn 
to form associations more readily with cues that are more reliable in their environment.  
We measured fish from two populations from two different drainages in Northern 
California: Putah Creek and Navarro River. There are phenotypic differences between fish from 
these populations (Bell 2005) and the sites are different ecologically. For example, there is more 
vegetation and less water movement at the Putah site, while the Navarro River is much clearer, 
with more dramatic seasonal changes in water flow. We hypothesize that ecological differences 
between the two populations cause differences in the predictability and reliability of different 
cues, thereby causing the populations to have different learning speeds in cue-specific learning. 
In particular, based on the work by Girvan and Braithwaite (1998), and Odling-Smee and 
Braithwaite (2003), we predicted that fish from the Navarro River, where visual cues are unlikely 
to persist over time due to changes in water flow, would excel when given an opportunity to use 
egocentric spatial cues and that the fish from Putah Creek, where there is less water flow, would 
perform well when given an opportunity to use visual cues. To address the possibility that 
population differences in cognitive performance reflect differences among individuals and/or 
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between populations in acclimation to the lab and/or boldness, we also recorded acclimation time 
and latency to emerge from a shelter during training. 
 
METHODS 
 
Wild-caught, non-gravid adult female threespined sticklebacks from two separate 
drainages (Putah Creek, CA, USA and Navarro River, CA, USA) were randomly assigned to 
either a colour or side version of a discrimination learning task. On average, sticklebacks from 
Putah Creek are larger than sticklebacks from the Navarro River (Length - Putah: 45.5 ± 0.803 
mm; Navarro: 40.83 ± 0.690 mm; t = -4.407, df = 58, p < 0.0001). Sticklebacks were housed 
individually in 26.5 L tanks (36 cm long x 33 cm wide x 24 cm high). 
 
Pretraining  
To ensure similar levels of motivation and reduce potential sampling bias, all individuals 
were run through a two-phase criterion-based pre-training protocol. The first pretraining phase 
involved training the sticklebacks to search cups for food. Two translucent cups were placed in 
an individual’s home tank and half the daily ration of bloodworms (5 worms per cup) were 
placed in petri dishes at the bottom of each cup. A quarter of the cups’ sides were cut out to 
provide access to the petri dishes. This step was repeated once a day until the individual ate from 
both cups within ten minutes on three consecutive days.  
The second pre-training phase involved acclimating the sticklebacks to the process of 
being repeatedly placed into a starting shelter from which they had to emerge to search the cups 
for food. Habituating them to the shelter was important because it allowed us to standardize 
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individuals’ starting location across trials. During each trial, an individual was gently transported 
into a shelter in a separate 26.5 L training tank (36 cm long x 33 cm wide x 24 cm high) and left 
to rest for one minute. Translucent cups were placed in the tank. Olfactory cues of food were 
present in both cups, but food was only accessible in one cup. Specifically, there were 
bloodworms in a petri dish in the bottom of each cup, but one of the petri dishes had strips of 
electrical tape covering the entire opening which prevented the fish from accessing the worms. 
Several small holes were punctured into the tape to allow chemical/odor cues to emanate from 
the dish. The other (rewarded) dish had the same amount of electrical tape lining the outside 
edge, but access to the contents was not obstructed. Each fish received two trials per day, with 
the location of the rewarded cup alternating between the two trials. To start each trial, a cork was 
removed from the shelter to allow the stickleback to exit. We measured how long it took the 
individual to emerge from the shelter (time to emerge). We interpret time to emerge as 
willingness to take risks (“boldness”; Wilson and Godin 2009). The second pretraining phase 
continued until the individual found and ate the food in under five minutes during each trial on 
three consecutive days. We refer to the total number of days to complete both phases of 
pretraining as days to complete pretraining. The minimum number of days to pass pretraining 
was six days. All fish passed the pre-training phase. We infer that if a fish was willing to search 
and consume a food reward relatively quickly during pretraining that it was well-acclimated to 
the learning environment. We tested whether differences in ‘boldness’ (time to emerge) and 
acclimation to the testing environment could explain differences in learning performance among 
individuals and populations. 
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Training  
Training took place in the same 26.5 L training tank used for the second phase of pre-
training. Individuals from both populations were randomly assigned to one of two training 
conditions: 1) blue-yellow colour discrimination, or 2) left-right side discrimination. 
Sticklebacks received one 10-trial learning session per day and were trained in only one of the 
two conditions.  
 
Colour discrimination  
In this version of the discrimination task, sticklebacks were presented with a yellow and 
blue cup and were trained to associate the blue cup with a food reward. Stickleback are known to 
discriminate between these two colours (Bensky et al. 2017, Feng et al. 2015; Roche et al. 2012), 
and pilot experiments found no evidence of a colour bias in either of the two populations 
(Average proportion of preference trials chose blue - Navarro: mean = 0.39, sd = 0.303, t9 = 
1.1595, p = 0.2761; Putah: mean = 0.44, sd = 0.227, t9 = 0.8358, p = 0.4249). The stickleback 
was placed in the shelter at the back of the tank. While in the shelter, a blue and yellow cup were 
placed at the front of the tank (Figure B.1a). A petri dish was then placed into the base of each 
cup. The blue cup was rewarded with 1-2 bloodworms. To control for the possible use of 
olfactory/chemical discriminatory cues, as described Pretraining, the dish in the unrewarded 
yellow cup also contained 1-2 bloodworms and was covered with electrical tape to prevent 
access to the worms, while the dish in the blue cup had tape wrapped around the outside edge. 
Across trials, the location of the blue cup was pseudo-randomized for each individual fish 
according to the following two rules: 1) each side was rewarded in half of the trials, and 2) a 
single side could not be rewarded more than two trials in a row. After the cups were in place, the 
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cork of the shelter was removed. For each trial four variables were recorded: 1) time to emerge 
from the shelter, 2) time to enter the choice region of the first cup searched (see Figure B.1a), 3) 
time to enter the choice region of the correct cup, and 4) if the first choice was the correct choice. 
Regardless of whether the first choice was correct, the fish was allowed to explore the tank until 
it searched the blue cup and was given a chance to eat the bloodworms. Therefore, all individuals 
were given an equal opportunity to associate the rewarded stimulus cue with the food reward, 
regardless of their first choice and how quickly they explored the cups. The colour training 
protocol continued until the fish met criterion (two consecutive sessions of at least 8 correct 
choices out of 10 trials), hereafter referred to as sessions to criterion. 
 
Side discrimination 
In this version of the discrimination task, sticklebacks were presented with two identical 
cups (blue) and trained to associate a particular direction (left or right) with a food reward. This 
task took place in a tank identical to the tank used for colour discrimination. Here, though, across 
trials, the shelter was moved from one side of the tank to the other with the opening facing the 
opposite side (Figure B.1b). The shelter’s location for any given trial was determined by the 
same pseudo-randomization rules used for the colour discrimination training. The rewarded cup 
was based on its orientation relative to the opening of the shelter. Fish were either trained to 
always choose the cup that was always to the left of the opening or were trained to always 
choose the cup on the right. In order to increase the difficulty of the task, individuals were 
always trained to the side they selected less often during pre-training. If there was no preference 
during pre-training, the fish were randomly assigned to a side. For both populations, 8 fish were 
trained to the left and 7 fish were trained to the right. The side discrimination training protocol 
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continued until the fish met criterion (two consecutive sessions of at least 8 correct choices out of 
10 trials). 
62 females started the training phase. Of those, 60 fish (30 per population) met criterion 
(N = 2 Navarro fish were removed due to reduced food motivation during training), with the 
resulting sample size comprising n = 15 in each of the four combinations of tasks and 
populations. 
 
Statistical analysis  
Due to size differences between populations, and the possible links between size and 
within-population behavioural variation (Adriaenssens and Johnsson 2011; Gill and Hart 1994), 
all analysis initially included fish length as a covariate. However, length was never significant 
(P>0.05) and was therefore omitted from subsequent analyses.  
Days to complete pretraining was non-normal and normality was not improved by 
transformations, therefore population differences in days to complete pretraining were compared 
using a nonparametric permutation test simulating 100,000 samples. We used a t-test (R Core 
Team 2016; package = “stats”; function = “t.test”) to compare the two populations’ average time 
to emerge across the first ten training trials. We focus on these early trials because both 
populations habituated to the training protocol and emerged quickly during later trials. To 
examine whether fish from the two different populations differed in their performance on the 
colour and side versions of the discrimination task we took two approaches. First, to determine if 
the populations differed in the rate at which individuals met the learning criterion, we conducted 
a survival analysis using a Cox proportional hazards regression model (Therneau 2015; package 
= “survival”; function = “coxph”) where population, version (colour vs side), and their 
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interaction were included as fixed effects. Failure to reach criterion during a session was treated 
as “survival”. Second, we compared how quickly individuals reached criterion on their 
designated training task using a two-way between-groups analysis of variance (ANOVA) with 
population, version, and their interaction as fixed effects (R Core Team 2016; package = “stats”; 
functions = “lm”; ”anova”). T-tests were used to examine a priori contrasts between and within 
populations across both tasks.  
To test if individual differences in boldness (time to emerge) were related to learning 
performance, we used multiple regression with population, version, and average time to emerge 
across the first 10 trials as predictors of time to criterion ((R Core Team 2016; package = “stats”; 
function = “lm”). Time to emerge and sessions to criterion were log-transformed to meet 
assumptions of normality. All statistical analyses were carried out using R 3.1 (R Core Team 
2016). Figures were made utilizing the graphics (R Core Team 2016) and ggplot2 packages 
(Wickham 2009). 
 
Ethical Note  
The experiments were approved by the Institutional Animal Care and Use Committee 
(IACUC) of the University of Illinois Urbana-Champaign. Fish were caught in the field using 
baited minnow traps under the approval of the State of California’s Department of Fish and 
Wildlife permit to A.B. Bell (#SC-3310). In the lab, the fish were housed in groups before and 
after the experiment. While the fish were undergoing training they were housed individually, but 
were given visual access to neighboring fish when they were not participating in active trials in 
order to enhance their welfare. All experimental procedures were non-invasive. 
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RESULTS 
 
Population differences in behaviour 
 On average, sticklebacks from Putah Creek acclimated faster to the lab and emerged 
faster from a shelter than sticklebacks from the Navarro River. For example, sticklebacks from 
Putah Creek completed pretraining faster (median = 7 days, IQR = 2, N = 30), than sticklebacks 
from the Navarro River (median = 11 days, IQR = 5.75, N = 30), and the difference between the 
medians was highly significant (permutation test: 1/100,000 samples ≥ observed difference = 4 
days, p<0.001; Figure 2.1). Similarly, sticklebacks from Putah Creek emerged significantly faster 
from the starting shelter during the first ten training trials compared to sticklebacks from the 
Navarro River (Putah: mean = 15.62 s, sd = 11.27; Navarro: mean = 31.98 s, sd = 27.95; t58 = 
2.98, p = 0.004; Figure 2.2). 
 
Population differences in learning performance  
Learning performance (sessions to criterion) depended on both population and version of 
the discrimination task. Specifically, there was a statistically significant interaction between 
population and version on learning performance according to both the survival analysis (β = -
1.6124, z = -2.878, p = 0.004, Figure 2.3a, b) and ANOVA (F1,56 = 12.45, p < 0.001, Figure 2.3c) 
models. Populations performed better on one of the two versions of the task, but the populations 
differed in the version on which they excelled. Sticklebacks from Putah Creek performed better 
on the colour discrimination version than on the side discrimination version (t28 = 2.62, p = 
0.014; colour discrimination: mean = 3.87 days, sd = 1.30; side discrimination: mean = 6.47 
days, sd = 3.76). Sticklebacks from the Navarro River, on the other hand, performed better on the 
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side discrimination version than the colour discrimination version (t28 = 2.41, p = 0.023; colour 
discrimination: mean = 7.53 days, sd = 3.40; side discrimination: mean = 5.0, sd = 3.14).  
There was no indication that sticklebacks from one population had overall better learning 
performance than sticklebacks from the other population, or that one version of the task was 
more difficult than the other: when the population by version interaction term was removed from 
the model, there was not a main effect of either population (F1,57 = 1.29, p = 0.26) or version 
(F1,57 = 0.039, p = 0.85) on learning performance. 
 
DISCUSSION 
 
 If animals prioritize attention to the most ecologically relevant cues, then animals 
inhabiting different environments might rely on different cues during learning. Here, we 
measured the learning performance of sticklebacks from two populations on different versions of 
a discrimination task. One version required the fish to discriminate between colour cues, while 
the other version required the fish to find a reward based on its position relative to the fish’s 
starting point. By isolating the two different discriminatory cues between the two versions of the 
task, we were able to compare how these two types of cues influence learning speeds in two 
populations. On average across both versions, the two populations performed equally well. In 
other words, both populations were equally ‘smart.’ Moreover, there was no evidence that one 
version of the task was generally more difficult than the other. However, both populations 
showed cue-specific learning speeds-- they performed better on one version over the other -- but 
they excelled on different cues. Fish from one population (Navarro) performed better on the side 
discrimination version than on the colour discrimination version, while the opposite was 
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observed in the other population (Putah). These findings suggest that animals from different 
environments are primed to use different cues during learning, and therefore learn to make 
associations with certain cue types faster than others. 
Fish from Putah Creek emerged significantly faster from a shelter (a behaviour often 
interpreted as ‘boldness;’ Brown and Braithwaite 2004; Burns 2008; Toms et al. 2010) than fish 
from the Navarro River. Previous studies have suggested that differences in boldness can 
contribute to differences in learning performance (e.g., DePasquale et al. 2014; Dugatkin and 
Alfieri 2003) because bolder, exploratory individuals are more likely to encounter relevant 
information needed to learn new contingencies (Carere and Locurto 2011; Sih and Del Giudice 
2012). Despite these population level differences in ‘boldness’, the average performance of the 
two populations across the two versions of the discrimination task was the same. One possible 
explanation for this finding is that fish were always given an opportunity to find the reward 
regardless of how long it took them to approach the cups or if they initially went to the incorrect 
cup. This meant an association between the discriminatory cue and the reward could be made on 
every trial. Therefore, all individuals, independent of their boldness, had the same opportunity to 
learn during training. A previous study that compared stickleback populations similarly found 
that behaviours such as activity level and exploration were independent of learning rates when all 
individuals were allowed to receive the food reward after each trial (Park 2013). 
The populations also differed in how quickly they acclimated to the experimental 
environment: on average, fish from Putah Creek completed pre-training in fewer days than fish 
from the Navarro River. Previous studies have suggested that individuals that have acclimated to 
the lab are better able to learn in a laboratory environment (Carere and Locurto 2011; Guillette et 
al. 2016). Even though they acclimated faster, fish from Putah Creek were not at an advantage in 
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this experiment because we used a criterion-based pre-training protocol in which fish were only 
allowed to move forward with the next step of training if they completed the previous step at 
their own pace. This meant that the fish were equally prepared to start training despite initial 
behavioural differences that might have otherwise influenced training (e.g., reluctance to 
explore, motivation or acclimation to the testing environment). Our approach – while time 
consuming – was effective and minimized biased sampling because over 96% (60/62) of the fish 
completed the training.  
Despite similar average performance on the discrimination task, fish from Putah Creek 
did better on the colour version of the task, while fish from the Navarro River did better on the 
side version, which suggests that the populations are primed to associated certain cues with a 
food reward faster than others. While there is widespread evidence that animals rely on some 
cues over others during learning (Fiset et al. 2000; Garcia and Koelling 1966; Wheatcroft and 
Qvarnström 2015), and growing evidence that stickleback populations differ in the 
environmental cues they encode when foraging (Braithwaite and Girvan 2003; Girvan and 
Braithwaite 1998; Odling-Smee and Braithwaite 2003; Odling-Smee et al. 2008), our results 
build on these studies by showing that populations vary in how quickly they are able to associate 
different discriminatory cues with reward outcomes. Differences in learning speed can influence 
foraging efficiency and therefore fitness (Schoener 1971). Thus, this suggests differences in 
learning speeds may be a key source of cognitive variation between populations. This insight 
was only possible because cognitive performance was compared between two versions of a task 
that isolated the specific cues that were available to use during learning.  
Thus the current study further contributes to the growing number of studies comparing 
cognitive performance among populations inhabiting different environments to understand the 
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evolution of cognitive mechanisms (e.g., Audet et al. 2015; Bond et al. 2007; Pravosudov and 
Clayton 2002; Tebbich and Teschke 2014). Our results are consistent with the hypothesis that 
ecology can drive adaptive cognitive processes, such that the local environment leads 
populations to more quickly associate specific cues with certain behavioural outcomes. While it 
is important to note that our sample size of two populations limits the ability of this study to 
identify specific ecological factors, our results are consistent with previous studies which 
suggested that habitat stability can drive differences in cognitive performance among stickleback 
populations (Girvan and Braithwaite 1998; Odling-Smee and Braithwaite 2003) For example, 
Girvan and Braithwaite (1998) suggested that sticklebacks from riverine environments are likely 
to experience high environmental variation due to water flow, and therefore might rely more on 
egocentric cues than visual cues, while sticklebacks from stable pond environments rely more on 
visual landmarks. Consistent with this hypothesis, fish from the Navarro River learned faster 
when the reward was associated with a specific turn sequence rather than with a visual cue. In 
contrast, fish from Putah Creek (subject to less dramatic changes) were faster to learn to follow a 
visual cue (colour). Further studies on replicate pond and river populations are needed in order to 
determine whether differences in habitat stability are responsible for driving the observed 
patterns, and it would be useful to know if the population-level variation has a genetic basis (as 
in (Pravosudov et al. 2012; Roth et al. 2011)). Additionally, the current study demonstrates that 
population variation in visual cue use extends to non-spatial variables such as colour. 
Elucidating the aspects (e.g., perception, learning and memory) of cognition that contribute to 
variation in cognitive performance will allow us to better understand the ecological factors that 
drive cognitive evolution. Here, we show that animals not only learn faster with certain types of 
cues over others, but that animals from different environments differ in the type of cues with 
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which they more readily form associations. Future studies that use a battery of tests to isolate 
different cognitive mechanisms are likely to further uncover the nuances of cognitive variation 
between populations and taxa. This is key to identify the ecological and evolutionary pressures 
that lead to fascinating variation in how animals process, learn and adapt to their environment. 
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FIGURES 
 
 
Figure 2.1. Population differences in days to complete pretraining. Each data point indicates a 
different individual, with median and IQR shown. 
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Figure 2.2. Population differences in average time to emerge (log-transformed) from 
starting shelter across the first training session (ten trials). Each data point indicates a 
different individual, with mean and SE shown. 
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Figure 2.3. Learning performance of two populations on two versions of the discrimination 
task. The survival curves provide a side-by-side comparison of the rates at which fish reached 
criterion on each version of the task within the (a) Navarro (black) and (b) Putah (grey) 
populations. Note that the y-axis has been flipped to help indicate that as the curve descends it 
represents more fish reaching learning criterion. c) Comparison of the average performances on 
each version (colour – filled; side – open) within each population. Each data point indicates a 
different individual’s log-transformed sessions to reach criterion, with mean and SE shown. 
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CHAPTER 3: PREDICTORS OF INDIVIDUAL VARIATION IN REVERSAL 
LEARNING PERFORMANCE IN THREESPINED STICKLEBACKS 
 
ABSTRACT 
 
Behavioral flexibility refers to the ability of an animal to switch from a previously 
reinforced behavior pattern in response to a changing environment and might be important for 
animals in temporally variable environments. Performance on a reversal learning task is often 
used as a measure of behavioral flexibility, but variation in reversal learning performance could 
reflect multiple processes. Here we examine how individual differences in behavior might drive 
variation in reversal learning performance in threespined sticklebacks. Female stickleback were 
measured in a series of three behavioral assays: response to a novel object to measure 
environmental sensitivity, willingness to emerge into a novel environment to measure boldness, 
and response to a barrier to measure inhibitory control. Then, the same individuals were assessed 
in a two-way discrimination learning and reversal task. Time to criterion in the reversal learning 
task was not correlated with any of the behaviors measured. However, individuals that made 
fewer mistakes during early reversal learning trials were more sensitive to a novel object, less 
bold, less persistent in the barrier detour task, and performed worse during initial learning. These 
results highlight the utility of dissecting the steps of reversal learning in order to understand the 
underlying causes of variation in behavioral flexibility.
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 INTRODUCTION 
 
 As concerns rise about how climate and anthropogenic change will continue to impact 
global biodiversity and ecosystem stability, there is increasing interest in elucidating the traits 
that allow some organisms to respond adaptively and thrive in a changing environment. 
Behavioral flexibility is a type of phenotypic plasticity that can influence how animals cope with 
environmental change. While the term “behavioral flexibility” has been used to refer to a wide 
range of phenomenon, including problem-solving and innovation (Audet and Lefebvre 2017), 
here we specifically focus on the ability of an animal to switch away from a previously 
reinforced behavior pattern in response to a change in the stimulus environment (see Stamps 
2016). Animals that are sensitive to changes in the environment, and phenotypically plastic 
enough to respond adaptively to those changes, might have higher fitness across temporal and/or 
spatial scales (Wolf et al. 2008). For example, behaviorally flexible animals might be better able 
to identify new food sources when previous sites become scarce or dangerous (Dill 1983). 
Additionally, flexibility can improve fitness if it allows individuals to identify opportunities to 
gain access to mates (Shine et al. 2005a,b), or adaptively respond to predation threats to 
offspring (Lima 2009). Therefore flexibility has the potential to influence evolutionary outcomes 
(Foster and Sih 2013; Ghalambor et al. 2007; West-Eberhard 2003).  
  Behavioral flexibility is often measured via reversal learning paradigms. Animals are 
trained to discriminate between two or more variations of a cue (e.g., color) by associating one 
particular cue (e.g. the color blue) with a reward (e.g. food). After a predetermined number of 
trials or after the subject has reached a predetermined criterion, the reward is moved to a 
different location on subsequent trials and reversal learning performance (behavioral flexibility) 
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is often assessed by some measure of how quickly the individual learns the new association. 
However, it is unclear to what extent individual differences in behavior might be associated with 
different aspects of reversal learning performance, or if these patterns might differ based on 
when you examine performance. As a result, it is often unclear how variation in performance 
might generalize to contexts outside of the learning environment. 
 An animal might perform well in a reversal learning paradigm for several different 
reasons (den Ouden et al. 2013; Izquierdo et al. 2017). Particularly sensitive individuals might be 
more attuned to changes in environmental cues and more attentive to unexpected outcomes 
(Aron and Aron 1997; Aron et al. 2012; Chudasama et al. 2003; Schoenbaum et al. 2009), and 
therefore excel on a reversal learning task. For example, mice that performed well on a reversal 
learning paradigm were more sensitive to changes in the environment: they modulated their 
aggression toward males versus females, and changed their behavior in response to changes in 
light/dark cycle (Benus et al. 1990). Environmental sensitivity may manifest as an increased 
stress response to novel objects (i.e., neophobia), but then also lead to improved attention to 
changes within familiar contexts (Bolhuis et al. 2004; Bebus et al. 2016). For example, lines of 
trout that had been selected for high cortisol stress responsiveness were highly attentive to 
changes in the location of food patches (de Lourdes Ruiz-Gomez et al. 2011). 
Another possibility is that variation in reversal learning performance reflects variation 
along the shy-bold continuum. Bold individuals, for example, might be more likely to learn new 
associations because they are more willing to take risks to acquire new information (Carere and 
Locurto 2011; Dougherty and Guillette 2018; Griffen et al. 2015; Sih and Del Giudice 2012).  
Finally, another mechanism that might lead to differences in reversal learning 
performance is inhibitory control: some individuals might be better able to inhibit a response that 
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has been previously rewarded once that response is no longer effective, and therefore quickly 
learn a new association (Izquierdo and Jentsch 2012; Roberts and Wallis 2000). That is, flexible 
individuals might have relatively high inhibitory control, while persistent individuals become 
routinized and perseverate because they can’t ‘turn off’ a learned association.  
Complicating matters further is that reversal learning itself comprises a series of different 
steps, all of which could contribute to overall reversal learning performance as assessed by, e.g. 
time to criterion (Boulougouris et al. 2008). For example, the individual must first notice that the 
contingency has changed. Then, the individual has to inhibit a previously-learned response. 
Then, the individual must forget the previously established behavior pattern (Tello-Ramos et al. 
2019). Finally, the individual has to learn the new contingency. It is plausible that there is 
individual variation in processes influencing all of these steps, therefore overall reversal learning 
performance could reflect multiple, heterogeneous causes. 
 In the current study we break down reversal learning performance as a measure of 
behavioral flexibility by measuring the same individuals on a series of assays designed to 
measure environmental sensitivity (response to a novel object), boldness (latency to emerge from 
a refuge), inhibitory control (reaction to a barrier), and discrimination and reversal learning 
performance on a color discrimination task in a fixed order. We then dissect the steps of reversal 
learning performance to distinguish the initial response to a change in contingency from the 
acquisition of a new association (as assessed by time to criterion). This allowed us to investigate 
whether individual differences in environmental sensitivity, boldness and inhibitory control were 
correlated with variation in certain steps of reversal learning but not others. For this study we 
used the threespined stickleback, an important model for examining natural intra-specific 
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variation in behavior and cognition, including behavioral flexibility (Bensky et al. 2017; Rystrom 
et al. 2019). 
 
MATERIALS & METHODS 
 
Subjects 
 Adult sticklebacks were collected from Putah Creek, CA in summer 2016. Fish were 
transported to the University of Illinois Urbana-Champaign where they were housed in 37.85L 
53 x 33 x 24 cm tanks in groups of ten to fifteen fish. Fish were housed in 20 degrees Celsius 
water and on a summer (16L: 8D) photoperiod. A recirculating flow-through system consisting 
of a series of particulate, biological, and UV filters (Aquaneering, San Diego, USA) was used to 
clean the water. 10% of the water volume in the tanks was replaced each day. The fish were fed a 
mixed diet consisting of frozen bloodworms, frozen brine shrimp, and frozen mysis shrimp ad lib 
each day. Once the experiment began, fish were only fed during the feeding and learning trials in 
order to maintain motivation. 
Wild-caught adult females (n=60) were used in the experiment. Females were 
reproductively mature but were not gravid during the experiment (average length = 48.9 mm, 
length standard deviation = 4.7 mm, average mass = 1.54 g, mass standard deviation = 0.38 g). 
Once a female started the experiment, she was housed individually in a 26.5 L 36 x 33 x 24 cm 
tank. The tank bottom was divided into thirds, and the floor of the outer two-thirds were lined 
with gravel. A plastic plant was placed at the center of the middle third of the tank. Individuals 
had visual access to fish in adjacent tanks between testing trials.  
To ensure that individuals were acclimated before beginning the experiment, we 
measured how quickly the fish ate during a feeding trial. Once a day, the plastic plant was 
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removed from the tank, and plastic blinders were used to block all sides of the tank. A mirror 
was positioned above the tank to allow experimenters to observe the fish with minimal 
disruption. This same procedure was followed during all of the different assays, regardless of if 
the assay was conducted in the individual’s home tank or in a separate testing tank. A glass petri 
dish (60W x 15H mm; Corning Inc, Corning, USA) was then placed in the center of the tank 
with 10 bloodworms placed inside and the foraging behavior of the fish was recorded for ten 
minutes. Once the fish ate, the plant was returned to the tank and the blinders were removed. We 
inferred that an individual was acclimated and motivated after the individual ate at least 8 out of 
10 worms within 10 minutes on three consecutive days; the individual was tested in the novel 
object assay the following morning. 
 
Response to a novel object 
The purpose of this assay was to assess individual differences in sensitivity to the 
presence of a novel object in their home environment. A camcorder (JVC Everio HD Hard Dish 
Camcorder Model No: GZ-HD40U) was used to record a top down view of the trial via the 
mirror positioned above the tank. A perforated tank separator was placed into the tank to ensure 
that the fish could not access the back of the tank, which would have put it out of the view of the 
camera. A circular blind was used to corral the individual into the middle third of the tank, where 
the individual was undisturbed for 5 minutes. While the fish was in the blind, a toy plastic lion 
(10L x 7H cm; TERRA by Battat, Montreal, Canada) was placed into either the left or right third 
of the tank at random (Figure 3.1a). This toy was selected as it was never seen by the fish 
previously, the shape is presumed to have no evolutionary relevance, and the colors were neutral. 
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After 5 minutes, the blind was removed, and the trial began. We recorded the time it took 
the individual to orient towards the novel object (i.e., nose pointed directly towards the novel 
object), the time it took the individual to approach the novel object (i.e., head within one body 
length of the novel object), the time the individual spent within the third of the tank that 
contained the novel object, as well as the time the individual spent both within this third and 
oriented towards the novel object for five minutes. Upon completion of the task, the plant was 
returned to the tank and the blinders were removed. 
 
Response to a barrier and boldness 
 The purpose of the barrier task was to assess individual differences in inhibitory control. 
Individuals were trained to follow a search pattern in order to obtain a food reward. Then, they 
were confronted by a transparent barrier separating them from the food reward. In order to obtain 
the food reward, the fish had to swim around the barrier. An individual that followed the 
prepotent search pattern established during training entered the barrier space and hit the barrier at 
its nearest point to the food reward, hereafter referred to as the “barrier apex” (Figure 3.1b). We 
interpret greater time spent at the “barrier apex” as persistence with the prepotent response, or 
low inhibitory control. Training for the barrier task involved placing an individual in a refuge, 
from which they could emerge voluntarily. Emergence time from a refuge is often interpreted as 
a measure of “boldness” (Wilson and Godin 2009), therefore we also recorded the time to 
emerge from the refuge on the first training trial as a proxy for boldness. 
Training for the barrier detour task started the afternoon following the novel object assay. 
The goal of this training was to both establish food motivation within a novel space, as well as 
establish a prepotent response of leaving a shelter to directly approach and eat a food reward. 
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Establishing this direct food search pattern was important for then interpreting behavioral 
responses during the barrier task. All training occurred in a separate testing tank that was the 
same dimensions as the individual’s home tank except that it did not contain gravel. 
 Individuals were trained for one session per day, and each session comprised of four 
trials. To begin the session, the individual was gently scooped with a white cup from their home 
tank and transferred to an opaque shelter that was then placed into the back-center of the testing 
tank and the individual was allowed to acclimate for three minutes. A glass petri dish with a 
single bloodworm was placed in the center of the test tank (~7 cm from the entrance of the 
shelter). To start the trial, the observer removed a cork from the side of the shelter and the 
latency for the individual to emerge from the shelter and to eat the worm was recorded. If the 
individual ate the reward, the observer gently scooped up the fish and placed the fish back into 
the shelter in preparation for the next trial. If the fish did not emerge from the shelter within ten 
minutes after the cork was pulled or eat within five minutes after emergence, the observer 
recorded the maximum times for these behaviors, removed the food reward and gently poured 
the fish out of the shelter if necessary. Between trials fish were allowed to reacclimate to the 
shelter for 2 minutes. After the fourth trial of the day the fish were returned to their home tanks.  
Training for the barrier task was criterion based, and was continued until the criterion 
was reached. In order to move on to the barrier task, the individual had to emerge from the 
shelter within 10 minutes and directly approach and eat the food reward within five seconds on 
three out of the four trials. The one failed attempt could not be on the fourth trial. This criterion 
was used to ensure that the fish would be motivated throughout the four trials; three fish did not 
meet this criterion and were omitted from the study. 
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After reaching criterion, the individual moved on to the barrier detour task the following 
day. This task also consisted of four trials. In order to reinforce the direct search pattern, the first 
three trials were exactly the same as the training trials. On the fourth trial a transparent semi-
circular barrier was placed between the shelter and food reward. The opening into the barrier was 
positioned directly in front of the entrance to the shelter. After removing the cork the individual 
was allowed 30 minutes to emerge from the shelter, navigate around the barrier and eat the food 
reward. All of the fish ate within 30 minutes. We recorded the duration of the first bout at the 
“apex” (where bout is repeated contact with the barrier apex with no break for longer than five 
seconds), total time at the apex and the latency to move away from the apex to swim around the 
ends of the barrier. Upon completion of the fourth trial, the individual was returned to its 
individual home tank. 
 
Initial and reversal learning 
 We measured individual differences in initial and reversal learning performance using a 
two-way discrimination task, as in Bensky et al. 2017. Each fish was trained individually in the 
same tank that was used for the barrier task. Training began the day following the barrier task, 
and the first phase was aimed at training the fish to search two possible locations for a food 
reward. During this phase fish were trained to emerge from a shelter and search two colorless 
cups that each had a portion of their sides removed to allow access into the cups; the food was 
accessible in one cup while in the other cup, the food was blocked with tape. Fish received two 
trials a day (i.e., the rewarded cup was on each side once), and met criterion once they readily ate 
from the cups on both trials on three consecutive days. One fish was suspended at this stage due 
to lack of motivation.  
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During the discrimination training, a blue and yellow cup were presented on each trial, 
and one of the cups was rewarded with food. Individuals received one session a day; each 
session consisted of 10 trials. Between trials, fish were gently scooped back into the starting 
shelter and given two minutes to rest. Each fish received 10 trials before the next fish was 
trained. All fish were initially trained to associate the blue cup with a food reward until that 
individual reached the training criterion, which was two consecutive sessions of choosing the 
correct cup on at least 8 out of 10 trials. The openings of the cups were faced towards the front of 
the tank (away from the starting shelter), and the fish’s choice was determined based on which of 
the choice zones it entered first while orienting towards the center of the corresponding cup 
(Figure 3.1c). Three fish were suspended during this initial training stage due to lack of 
motivation (i.e., did not make a choice on three trials per session for consecutive sessions).  
The day after criterion was met, the individual received an additional trial with the 
rewarded blue cup to ensure that they were still following the initial association, and then the 
reversal phase begun. During the reversal learning phase, the food was always placed into the 
yellow cup and again each individual was trained until criterion. There is no evidence of a color 
bias for blue or yellow in this population (Bensky and Bell 2018).  
 To measure initial learning performance, we recorded the number of sessions it took each 
individual to reach criterion. To measure individual variation in behavioral flexibility via 
reversal learning, we broke down the steps of reversal learning performance into two 
components: 1) the individual’s behavior immediately after the rewarded cup was switched from 
blue to yellow (i.e. behavior during the first trial of reversal learning, as well as performance 
across the first 10 reversal trials) and 2) acquisition of the new association between the yellow 
cup and the reward, i.e. time to criterion during the reversal phase.  
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While all of the individuals initially searched the blue cup on the first trial of reversal 
learning (as would be expected if the initial association with blue was learned), there was 
variation among individuals in the number of times they visited the blue cup before searching the 
yellow cup. Roughly half the individuals only searched the blue cup once before swimming over 
to the yellow cup, while the other half of the individuals searched the blue cup repeatedly. 
Recent findings suggesting that documenting “microbehaviors” within paradigm performance 
can be fruitful for identifying behavioral correlates of variation in cognitive processes (Chow et 
al. 2017). Therefore, we used a binary-based score to indicate whether or not individuals 
persisted on the blue cup, where individuals that searched the blue cup only ,once were scored 
“0” while individuals that revisited the blue cup more than once were scored “1”.  
 
Statistical Analysis 
53 individuals completed the experiment. Positively-skewed duration and latency 
variables were log-transformed to improve normality. All analysis was done using R 3.4.2 
(http://www.r-project.org/). “Boldness” was based on a single duration measure from the first 
barrier task training trial. For ease of interpretation, we multiplied the log-transformed 
emergence time for the first trial by negative one so that greater values indicate shorter 
emergence times, i.e. greater boldness. To reduce the number of variables involved for the other 
two assays, we performed two separate principle component analyses (PCA) on the correlation 
matrices of the variables measured in the environmental sensitivity and barrier detour task, 
respectively (R Core Team 2016; package = “factoextra”; function = “prcomp”). PCnovel object 
explained 74.5% of the variation in four variables recorded in the response to a novel object test 
(Table 3.1a), where greater PC1novel object scores indicate longer times to orient and approach the 
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novel object, and less time spent near and oriented towards the novel object. PC1barrier explained 
77.2% of the variation in three variables measured in the barrier task (Table 3.1b), where greater 
PC1barrier scores indicate longer first bouts and total durations at the apex, as well as longer times 
to first attempt an alternative route that required moving away from the apex.  
 Given previous findings showing correlations between body size, behavior (e.g., 
emergence times: Brown and Braithewaite, 2004), and learning (e.g., Amiel et al., 2014), we 
tested for significant associations between body length and behavior to test if body size would 
need to be statistically controlled in downstream models. Linear regression models were 
generated to test for the effect of body size on the PC scores. Sessions to criterion and number of 
correct trials over the first reversal session were treated as count data, therefore generalized 
linear models were used to measure the effect of size on these variables. To control for 
overdispersion, a negative binomial distribution was used for these models. A logistic regression 
model was used for our binary persistence variable from the first reversal trial. Larger fish took 
longer to reach criterion on initial learning (b = -0.042, z = -2.153, p = 0.0313, n=53), but 
standard length was not related to any of the other variables in this study (Table C.1). Therefore, 
standard length was included as a covariate in models involving sessions to reach criterion on 
initial learning, but was not included in other models. 
 To examine correlations among the three behavioral variables we computed pairwise 
Pearson correlation coefficients. To examine the relationships among the behavioral variables 
and the learning measures, we used generalized linear modeling which allowed us to take into 
account body length as a covariate, and incorporate binomial and negative binomial distributions 
where appropriate. Finally, generalized linear models were used to test for the relationship 
between initial and reversal learning performance. In this case, because length was correlated 
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with initial learning, individual body length was first regressed onto time to initial criterion and 
the resulting residuals were then used to predict reversal learning performance. 
 
RESULTS 
 
Correlations among behavior in the novel object assay, emergence assay and barrier task 
To investigate the extent that the measured behavioral traits corresponded with one 
another across contexts, we examined the pairwise correlations between the three traits. There 
was a trend for more sensitive individuals (i.e. greater PC1novel object; individuals which slowly 
oriented to and approached the novel object and which spent little time near the novel object) to 
take longer to emerge from the shelter (r = -0.218, p = 0.1176, n=53). The individuals that spent 
more time at the barrier apex (i.e. greater PC1barrier) were also the individuals that emerged 
relatively quickly from the shelter (r = 0.295, p = 0.0317, n=53). There was a trend for more 
sensitive individuals, i.e. greater PC1novel object, to spend less time at the barrier apex, i.e. greater 
PC1barrier (r = -0.265, p = 0.057, n=53).  
 
Learning 
To assess general learning patterns between the initial and reversal learning phases, we 
looked at how fish performed during the first session of each phase and the average number of 
days it took to reach criterion. At the beginning of the learning trials, individuals chose the blue 
and yellow cups at relatively equal frequency. Performance improved with training as 
individuals increasingly chose the blue cup across sessions. On average, individuals reached 
criterion after 5.28 +/- 4.17 sd sessions (range = 2-18 sessions; Figure 3.2a). 
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 In contrast, individuals started the reversal learning phase performing significantly below 
chance levels (average proportion correct = 0.174, sd = 0.169, z = 4.747, p < 0.0001; Figure 
3.2b), which suggests that in general the fish persisted on the previously rewarded association 
during the early stages of reversal learning. On average, individuals took 8.08 +/- 3.3 sd sessions 
(range = 4-18 sessions) to reach criterion during reversal learning. The average learning speeds 
for both phases were very similar to the those seen in Bensky et al. (2017).  
 
Correlations among behavior in the novel object assay, emergence assay and barrier task and 
learning 
Individuals that were less sensitive to the novel object (smaller PC1novel object) and which 
spent more time at the barrier apex (greater PC1barrier)) learned the initial discrimination faster 
(PC1novel object: b = 0.162, z = 3.37, p = 0.0007, n=53; PC1barrier: b = -0.196, z = -3.732, p = 
0.0002, n=53). We did not detect a relationship between sessions to criterion on initial learning 
and emergence time (b = -0.075, z = -1.102, p = 0.27, n=53). 
We did not detect any significant correlations between any of the behaviors from the 
behavioral assays and sessions to criterion during reversal learning (PC1novel object: b = -0.038, z = 
1.173, p = 0.241, n=53; PC1barrier: b = -0.043, z = -1.173, p = 0.241, n=53; emergence time: b = 
0.0068, z = 0.174, p = 0.862, n=53).  
 However, behavior in the behavioral assays were correlated with aspects of early reversal 
performance. Specifically, individuals that were more sensitive to the novel object chose the 
correct cup more often during the first 10 reversal trials compared to less sensitive individuals 
(PC1novel object: b = 0.234, z = 3.714, p = 0.0002, n=53, Figure 3.3). We did not detect significant 
relationships between first reversal session performance and behavior during the barrier task or 
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emergence time (PC1barrier: b = -0.1048, z = -1.251, p = 0.211, n=53; boldness: b = -0.147, z = -
1.574, p = 0.12, n=53). However, when the rewarded cup was switched from blue to yellow, 
some individuals repeatedly visited the previously rewarded blue cup, and those individuals that 
repeatedly visited the blue cup were the ones that spent more time at the barrier apex (b = 
0.4849, z = 2.265, p = 0.024, n=53, Figure 3.4a) and were more bold (emerged faster) (b = 
0.556, z = 2.36, p = 0.018, n=53, Figure 3.4b).  
 
Initial and reversal learning 
Sessions to criterion on initial learning was not associated with sessions to criterion on 
reversal learning (b = -0.0217, z = -0.304, p = 0.761), or the probability that an individual would 
perseverate on the initially rewarded blue cup (b = -0.2262, z = -0.59, p = 0.555). However, fish 
that took longer to reach criterion during the initial learning phase had higher performance (more 
correct trials) during the first 10 reversal trials (b = 0.3308, z = 2.324, p = 0.0201, Figure 3.5). 
 
DISCUSSION 
 
 Reversal learning is a common paradigm used to measure behavioral flexibility, but it is 
still unclear how performance differences might generalize to different behavioral contexts. It is 
also unclear whether early or long-term learning responses are a better indicator of how quickly 
an animal will respond to a change in its environment. Thus our understanding of the biological 
relevance of reversal learning performance variation is still limited. In the current study,  the way 
that individuals immediately reacted to a change in the learning environment (i.e. their behavior 
after the rewarded cup was switched from blue to yellow) was related to their response to a novel 
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object, boldness, response to a barrier and initial learning performance. Specifically, individuals 
that were relatively sensitive to the novel object were faster to abandon the search pattern that 
had been reinforced during the initial learning phase, and performed better across the first ten 
trials of the reversal learning phase compared to their less sensitive counterparts. In addition, 
relatively bold individuals, and those that spent more time at the barrier apex, were more likely 
to return to the previously rewarded location multiple times within the first reversal trial before 
searching for an alternative location. Finally, there was a trade-off between initial learning 
performance and reversal learning performance: when the food was switched from the blue to the 
yellow cup, those that learned the initial discrimination faster tended to perform worse 
immediately following the change in reward location. 
 While we could partially explain individual variation in early reversal learning 
performance by understanding individual differences in reaction to a novel object (sensitivity), 
reaction to a barrier (inhibitory control), latency to emerge from a refuge (boldness) and initial 
learning performance, behaviors in those contexts were not correlated with the most commonly-
used metric of reversal learning performance: time to criterion. We speculate that early reversal 
learning performance reflects the ability of an animal to switch away from a previously learned 
behavior. In contrast, time to criterion is more heterogenous; it reflects both the ability of an 
animal to switch away from a previously learned behavior and the ability of an animal to 
establish a new rewarded pattern, which might help explain the failure to detect correlations 
between time to criterion and individual differences in behavior in other contexts. Interestingly, 
other studies have shown that different steps of reversal learning are chemically dissociable in 
the brain. For example, the dopaminergic system is involved in perseveration on previously 
reinforced patterns, perhaps via reward-based effects (Cools et al. 2009), while serotonin 
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influences the rate at which individuals shift away from stimuli associated with punishment or 
negative outcomes (Chamberlain et al. 2006, den Ouden et al. 2013). 
An important mechanism that may also contribute to the variation in reversal learning 
performance observed in this study is memory (Tello-Ramos et al. 2019). That is, some 
individuals might have formed stronger memories than others, and their strong memories might 
have interfered with their ability to make new associations (i.e., proactive interference; Anderson 
and Neely 1996). Trade-offs between memory and behavioral flexibility have been documented 
at both the inter- and intraspecific level (Croston et al. 2017; Hampton et al. 1998; Lewis and 
Kamil 2006) so this is a promising area for future work.  
In summary, we found that individual differences in the reaction to a novel object, 
boldness, inhibitory control and initial learning predict variation in some aspects of reversal 
learning performance in threespined stickleback. Importantly, we could explain variation in 
aspects of early learning performance, when individuals were just starting to switch away from a 
previously rewarded behavioral pattern, but not time to criterion, a metric commonly used in 
reversal learning paradigms. The fact that behavioral correlations are only found with early 
reversal learning responses, and that we only see a trade-off with initial learning and early 
reversal behavior, lends support to the idea that behavioral flexibility as a cognitive trait may be 
more about switching away from learned behaviors versus learning new associations. This 
suggests we may want to focus more of our attention on early reversal learning responses in 
order to better our understanding of learning trade-offs and develope hypotheses about how 
performance in the lab may generalize to more natural contexts. As the cognitive ecology field 
continues to grow, and more studies focus on inter- and intra-individual cognitive variation in a 
growing list of species, there is an increasing need to examine the accuracy and validity of the 
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measurements used to purportedly measure cognitive processes of interest (Boogert et al. 2018). 
Such research will help us better understand which aspects of cognitive performance generalize 
across behavioral contexts (Cauchoix et al. 2018; Völter et al. 2018) in order to help interpret 
cognitive variation. 
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TABLE AND FIGURES 
 
a) 
Response to a novel object (log-transformed) 
PC1novel object Loadings 
Eigenvalue: 2.98 ; %variance: 74.5% 
 
time to orient  
 
 
0.771 
 
time to approach 
 
 
0.917 
 
time spent in the zone containing 
 the novel object (5 minute)  
 
 
-0.893 
 
time spent in the zone containing the novel object  
and oriented toward the novel object  
 
 
-0.863 
 
b) 
Barrier detour task (log-transformed) 
PC1barrier Loadings 
Eigenvalue: 2.32; %variance: 77.2% 
 
first apex bout duration 
 
0.911 
 
total time at apex 
 
 
0.937 
 
time to first attempt towards barrier edge  
 
 
0.780 
 
Table 3.1. Loadings on the first principle components for the a) novel object assay, and b) 
barrier detour task. All behaviors were duration measures and were log-transformed to 
normalize the data prior to analysis. 
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Figure 3.1. Visual description of the tanks used for behavioral observations. a) The novel 
object assay (top-down view). An individual was placed in a circular blind in the center third of 
the home tank. A novel object (toy lion) was then placed at one end of the tank. After 5 minutes, 
the blind was removed, and the individual’s behavior was monitored. b) The barrier detour 
task. Fish were trained to find food upon leaving a shelter. Then, a transparent barrier was 
placed between the shelter and the food. Upon emerging from the starting shelter, the 
individual’s interaction with the transparent barrier was recorded. The black region of the barrier 
denotes the “barrier apex”. C) The color discrimination task. The individual began each trial in 
the starting shelter. Once the cork was removed and the individual emerged from the shelter, the 
fish’s behavior was observed. In particular, we noted whether the fish entered the choice zone 
(indicated by stripes) of the blue or yellow cup while orienting towards the chosen cup. 
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Figure 3.2. Individual learning curves from a) initial learning, and b) reversal learning 
discrimination phases. Lines represent the performance of individuals across sessions. Criterion 
was reached when the proportion of correct choices was greater than or equal to 0.8 (marked by 
horizontal dotted line) on two consecutive sessions. Note that individuals tended to perform 
around chance levels or better at the beginning the initial learning phase; individuals began 
showing signs of improvement even within the first session. In contrast, individuals performed 
poorly during the first two reversal sessions as individuals tended to persist on the initially 
rewarded cup. 
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Figure 3.3. Individual differences in behavioral reaction to a novel object were correlated 
with performance during the first reversal session. Fish that took longer to approach and 
spend time near and oriented to a novel object (higher PC1novelobject) chose the rewarded cup more 
frequently during the first reversal session.  
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Figure 3.4. a) Behavior during the barrier detour task and b) boldness were associated with 
persistence on the initially rewarded cup during the first reversal trial. Fish that spent more 
time at the apex of the barrier (PC1barrier, a) and that were faster to emerge from a shelter into a 
novel environment (time to emerge, b) were more likely to revisit the cup that had been rewarded 
during initial learning. 
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Figure 3.5. Trade-off between initial and reversal learning. Fish that took longer to reach 
criterion during the initial learning phase performed better on the first ten reversal trials. Initial 
learning residuals are controlled for body length.  
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CHAPTER 4: THE EVOLUTION OF BEHAVIORAL AND COGNITIVE TRAITS 
OVER THE COURSE OF THE INVASION OF FRESHWATER BY MARINE 
STICKLEBACKS (GASTEROSTEUS ACULEATUS) 
 
ABSTRACT 
 
Species invasions provide an opportunity to study how traits evolve as organisms move 
into novel environments. The invasion process might act as a filter either via nonrandom 
dispersal and/or selection, thereby leading to phenotypic differences between populations at the 
front of the invasion and the source population. Several authors have suggested that behavior and 
cognition might facilitate the invasion process, but there are few empirical tests. Here, we test the 
hypothesis that increased neophilia and inhibitory control are beneficial for colonizing new 
environments, and thus evolve over the course of a biological invasion. This was done by 
measuring natural variation in these behaviors among genetically-differentiated populations of 
threespined stickleback that were reared in a common garden. We compared sticklebacks from 
two populations from the ancestral marine environment to sticklebacks from four freshwater 
lakes that differ in time since establishment. We predicted that derived freshwater populations 
would be more neophilic and exhibit higher levels of inhibitory control (i.e. more likely to 
abandon a previously-established behavior pattern) compared to sticklebacks from the ancestral 
source population. There was substantial variation in both traits among populations, and 
suggestive evidence that derived populations were more neophilic and had higher inhibitory 
control than marine fish. Differences between very recently derived freshwater populations 
suggest that these differences can undergo selection relatively rapidly, though nonrandom 
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dispersal cannot be excluded as a potential explanation. These findings are consistent with the 
hypothesis that cognitive traits have played an important role in allowing stickleback to 
successfully colonize freshwater habitats, and that these traits have evolved through the invasion 
process. 
 
INTRODUCTION 
 
Understanding the factors that allow a species to expand its range, and/or adapt to 
changing habitats, is increasingly important as concerns of climate change and anthropogenic 
effects continue to grow. Studying biological invasions, or populations that are the result of 
successful habitat establishment, provide a great opportunity to identify the factors that allow 
certain species or populations to excel in novel environments (Williamson and Fitter 1996). 
Invasion influences the evolutionary trajectories of both the invading and native species 
(Mooney and Cleland 2001). In addition to the importance of propagule pressure (Lockwood et 
al., 2005; 2009), stochasticity, and the opening of new niches at the edge of species boundaries, 
there is growing evidence that particular traits might promote invasion. For example, r-selected 
life histories (Capellini et al. 2015) and habitat breadth (Blackburn et al. 2009) could promote the 
expansion of a species’ range, though findings tend to vary across species/taxa (Hayes and Barry 
2008; Kolar and Lodge 2001). Here, we look to test the hypothesis that behavior and cognition 
may also be important traits that can help explain success in colonizing novel environments.  
The study of biological invasions has benefitted from viewing invasion as a multi-stage 
process requiring a population to be introduced to a new environment, to become established and 
to ultimately spread in order to be successful (Blackburn et al. 2011; Chapple et al. 2012; 
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Lockwood et al. 2013). Different traits might be important at different stages of invasion 
(Blackburn 2011; Chapple and Wong 2016) and the different stages of invasion might act as a 
filter either via nonrandom dispersal and/or selection, ultimately leading to phenotypic 
differences between the population at the front of the invasion and its source population (Sakai et 
al. 2001; Suarez and Tsutsui 2008). Therefore comparing populations of the same species at 
different stages of the invasion process can provide insights into how and why organisms change 
as they move into new environments (Castro et al. 2016; Whitney and Gabber 2008). In 
particular, rearing organisms from different populations that are at different stages of the 
invasion process in a common garden can reveal whether traits that vary among these 
populations reflect phenotypic plasticity in response to variation in environmental conditions or 
evolved differences (e.g., Castro et al. 2016); differences among populations that are preserved 
in a common garden are likely to reflect evolved, genetically based differences.  
Behavioral and cognitive traits are increasingly recognized as potentially important for 
mediating the ability of animals to move into and become established in new environments 
(Chapple et al. 2012; Holway and Suarez 1999; Sih et al. 2010; Wright et al. 2010). Behavioral 
plasticity can help animals excel in new environments by allowing them to rapidly adjust their 
phenotype in response to changes in environmental cues (Coppens et al. 2010; Wolf et al. 2008). 
Recent theory has pointed out that cognitive processes -- how animals perceive, process and 
retain information about their environment and then use that information to make decisions 
(Shettleworth 2010) – are likely to be especially important in mediating the ability of animals to 
enter new habitats, to exploit new niches, to become established and to spread (Griffin et al. 
2016; Wright et al. 2010). For example, colonists have to be willing to approach and interact 
with novel stimuli in order to gain information about their new environment, and therefore they 
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might be expected to exhibit high levels of novelty-seeking behavior (i.e., neophilia; Mettke-
Hoffmann 2009). Additionally, previously successful behavioral patterns may no longer be 
successful in new environments, and so invading individuals need to be able to stop persisting on 
ineffective responses and flexible enough to attempt new approaches (Griffin et al. 2016), 
therefore invaders might be expected to exhibit greater inhibitory control. 
Threespined sticklebacks (Gasterosteus aculeatus) are a good model system for studying 
behavioral and cognitive traits associated with the invasion process because they are expert 
colonists: marine sticklebacks are renowned for being able to move into new freshwater 
environments, and rapidly adapt to them and diversify (Bell and Foster 1994). Sticklebacks in 
freshwater lakes in Alaska offer an opportunity to examine trait evolution over the course of an 
invasion because there are some freshwater lakes where sticklebacks have occurred since the last 
glaciation and other freshwater lakes that have only recently been colonized by marine 
sticklebacks (Bell et al. 2004; Bell et al. 2016). Moreover, sticklebacks are renowned for their 
intraspecific variation in behavior (e.g., Bell 2005; Huntingford 1976) and cognition (e.g., 
Bensky and Bell 2018; Girvan & Braithwaite 1998; Odling-Smee et al. 2003), and are therefore 
suitable subjects for studying how behavioral and cognitive traits might evolve over the course of 
invasion.  
In this study, we use the stickleback system to test the hypothesis that specific behavioral 
and cognitive traits improve invasion success (Griffin et al. 2016) by comparing sticklebacks 
from ancestral anadromous marine populations, two freshwater populations that were recently 
established (8 and 34 generations before sampling, respectively) and two freshwater populations 
that were established thousands of years ago. If motivation and willingness to approach and 
investigate novel stimuli helps animals become established in a new environment, then we 
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predict that derived freshwater populations will be more neophilic than their marine ancestors. If 
the ability to quickly inhibit old and ineffective behaviors helps invading animals succeed in a 
new environment, then we predict that freshwater populations will show high levels of inhibitory 
control (i.e. persist less on ineffective behavioral patterns and quickly try alternative behaviors), 
while their marine ancestors will show low inhibitory control (i.e., routinized persistence on old 
behaviors even when they are no longer reinforced).  
Several authors have suggested that studying cognition and behavior during the very 
early stages of invasion is likely to be especially insightful (Chapple et al. 2012; Chapple and 
Wong. 2016; Wright et al. 2010) because traits related to behavioral flexibility might be strongly 
favored at the leading edge of the invasion front (Wright et al. 2010). If this is the case, we might 
expect sticklebacks from newly derived populations to be especially neophilic and exhibit high 
levels of inhibitory control relative to sticklebacks from both well-established freshwater 
populations and from marine populations. Alternatively, neophilia and inhibitory control might 
be consistently favored throughout the entire invasion process, in which case the newly derived 
freshwater populations might be either similar to the well-established freshwater populations or 
intermediate between marine and well-established populations. Because the two newly derived 
populations differ in time since establishment, we could examine changes that might be 
occurring over very short (tens of generations) time scales.  
 By recording the behavior of full sibs from multiple families from multiple populations 
that had been reared under common garden conditions in the lab, we used these data to assess 
whether the differences in cognitive and behavioral traits are likely to reflect heritable variation. 
Importantly, we elected to rear and measure behavior in freshwater (~5ppt), thereby simulating 
the conditions that marine sticklebacks encounter when they move into freshwater. Because the 
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marine populations studied here are naturally anadromous (Rabbit Slough: Bell et al. 2016; 
Resurrection Bay: Personal communication with Rich King), i.e. they spawn in fresh/brackish 
waters, their early offspring development typically occurs under relatively low salinity 
conditions. 
 
METHODS 
 
Overview of the experiment 
The goal of this study was to test the hypothesis that behavioral and cognitive traits 
evolve when marine sticklebacks invade freshwater environments. To that end, we reared the 
offspring of stickleback from multiple marine and freshwater populations of sticklebacks under 
“common garden” conditions in the lab, and measured their response to a novel object (meant to 
measure neophilia) and performance on a barrier detour task (meant to measure inhibitory 
control) as subadults. 
 
Collecting stickleback 
Adult stickleback were collected via minnow traps from six populations ranging from the 
Matanuska-Susitna Valley to the Kenai Peninsula of Alaska (Table 4.1; Figure 4.1) during June 
2017. Two populations (Rabbit Slough and Resurrection Bay) occur in the ancestral marine 
environment, while the remaining four populations occur in freshwater. Two of the freshwater 
populations (Big Beaver and Cornelius, hereafter referred to as “well established”) are derived 
from natural colonization events that presumably occurred hundreds to thousands of years ago, 
after the last glacial maximum, while the other two freshwater populations are “newly-
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established” via recolonization (Loberg: 28-34 years prior to collection; Bell et al. 2004) or 
experimental seeding (Cheney: 8 years prior to collection; Bell et al. 2016). As is typical for 
sticklebacks, the marine populations are only weakly genetically differentiated from each other 
(FST = 0.0076; Hohenlohe et al. 2010) while the freshwater populations are more strongly 
genetically differentiated (Mike Bell, Krishna Veeramah, personal communication). 
 Eggs were fertilized in the field following previously established protocols (see Wund et 
al. 2012; 2015). Briefly, males from each population were euthanized using an overdose of 
buffered tricaine methanesolfonate (MS-222), and their testes were immediately dissected and 
macerated. Eggs were then gently extruded from gravid females from the same population into a 
petri dish and the macerated testes were pipetted over the eggs to fertilize them. Next, distilled 
water with 6 ppt Instant Ocean ® was used to repeatedly rinse the newly fertilized clutches 
before being stored in that solution in the petri dish. The clutches were then inspected daily for 
proper development; dead embryos and unfertilized eggs were removed, and the water was 
changed. Two to three days post fertilization, the eggs were transferred to 50 mL canonical tubes 
filled with the same water solution and shipped overnight in coolers filled with ice packs to the 
University of Illinois Urbana-Champaign.  
 
Rearing fish in the lab 
Upon arrival, each clutch was moved to its own tank (9.5L 32 x 21 x 19 cm) where the 
embryos were incubated in a cup with a mesh bottom and placed over an air bubbler. Each tank 
was lined with gravel and had a refuge (plastic “plant”). Embryos were checked daily and dead 
embryos were removed. Upon hatching (8-13 days post fertilization) fry were fed brine shrimp 
daily. Once the eggs had hatched the mesh cup and bubbler were removed. Fish were kept at 
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60°F with an even light cycle (12L:12D) for the entirety of the experiment. All families were 
kept on one of two recirculating flow through water racks, which consisted of a series of 
particular, biological, and IV filters and had three different shelves (Aquaneering , San Diego, 
USA). 10% of each tank’s water was replaced each day. Family tank position was pseudo-
randomly assigned so that all populations were evenly distributed across both racks and the three 
levels of shelves.  
  At approximately two months of age, the fish were gradually introduced to a mixed diet 
of frozen bloodworms, frozen brine shrimp, and frozen Mysis shrimp and were fed ad lib once a 
day. To prevent overcrowding, families were culled to a maximum of 30 fish per tank at two 
months, and to a maximum of 15 fish at approximately six months.  
 
Behavioral testing  
18 observation tanks (36 cm long x 33 cm wide x 24 cm high (26.5 L)) were used for 
blocks of behavioral testing. When the fish were approximately eight months of age (average 
standard length of first block 40.66 +/- 0.93 SE; n = 18), the testing phase of the experiment 
began. Families, sexes and populations were measured in a pseudorandomized order, such that 
male and female offspring from different families and from different populations were measured 
in the same block. Individuals were randomly selected from each family, and their weight and 
length were measured. Then, their sides were then swabbed with a sterile cotton swab in order to 
non-invasively determine the sex of each fish. Total genomic DNA was extracted using the 
DNEasy® Blood and Tissue Kit (Qiagen, Venlo, Netherlands), and sex was determined using a 
genetic marker, per the methods of Peichel et al. (2004). The observation tanks were plexiglass, 
and lines were drawn on the outside bottom of each tank in order to separate it into equal thirds 
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(i.e., left, center, right). Each observation tank was then lined with gravel, but the floor was 
cleared immediately around the lines so that they were still visible from a “top-down” view. A 
plastic “plant” was placed into the middle third of each tank to provide a refuge. Opaque dividers 
were inserted between the observation tanks during behavioral testing; otherwise individuals had 
visual access to fish in neighboring tanks. During the testing phase of the experiment, fish were 
only fed during the behavioral tests to help maintain motivation.  
 
Acclimation Phase 
In order to ensure that an individual had acclimated to the observation tank and was 
motivated to eat during the behavioral tests, the individual was presented with food, and the 
individual had to eat the food within 10 minutes on three consecutive days in order to proceed to 
the next step. On average, it took 5.1 days for fish to meet this criterion (range = 3 to 17 days). 
More details about the acclimation procedure are in Chapter 3. 
 
Novel Object Test 
 The purpose of this test was to characterize variation in neophilia within and among the 
populations. To that end, individuals’ response to a novel object (toy lion; 10L x 7H cm; TERRA 
by Battat, Montreal, Canada) was recorded the day after the fish met criterion in the acclimation 
phase. The toy lion was selected as a novel object because the fish had no prior experience with 
this object, there was no presumed evolutionary history with the object’s shape, and it was made 
up of neutral colors.  
 To set up the trial, the plastic plant was removed, plastic dividers were placed on all sides 
of the tank, and a mirror was positioned at a 45-degree angle above the tank to provide a top-
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down view. A camcorder (JVC Everio HD Hard Dish Camcorder Model No: GZ-HD40U) was 
used to record the trial via the mirror. A perforated tank divider was used to block the fish from 
accessing the back part of the tank that was out of the camera’s view. One of the outside thirds of 
the tank was randomly selected, and a circular blind was used to corral the individual into that 
area. The novel object was then placed in the opposite end and the individual was then left 
undisturbed for five minutes.  
After five minutes, the blind was removed. The observer then recorded the individual’s 
behavior for five minutes after their first approach of the novel object (i.e., first time within one 
body length of the novel object and oriented directly towards it). Specifically, the observer 
recorded how much time was spent orienting towards the novel object while the individual was 
in the same third of the tank as the object. We interpret more time spent near and oriented 
towards the novel object as greater time investigating the object (i.e., higher neophilia). Upon 
completion of the test, the novel object and divider were removed, the plant was returned to the 
tank, and the blinders and mirror were removed. 
 
Barrier Detour Task 
The purpose of this task was to characterize variation within and among populations in 
inhibitory control as measured on a barrier detour task (Kabadayi et al. 2018), following methods 
similar to those described in Chapter 3. Training for the barrier detour task started on the same 
day the novel object test was completed. All barrier detour task-related trials occurred in a 
separate testing tank. This tank had the same dimensions as the individual’s home observation 
tank. No gravel was present to help increase the salience of a food reward that would be placed 
in the middle of the tank for each trial. The goals of this training were to train the fish that there 
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would consistently be a food reward in the middle of the tank, establish food motivation in this 
context, and create a prepotent response of leaving a shelter to directly approach and eat the food 
reward.  
Individuals were trained for one session per day, with each session comprising four trials. 
To begin the session, the individual was gently scooped with a white cup from their home tank 
and transferred to an opaque shelter that was then placed into the back-center of the testing tank 
and was left undisturbed for three minutes. A 60W mm circle was initially drawn on the center of 
the floor of the test tank (~7 cm from the entrance of the shelter), and a single blood worm was 
placed within that circle. To start the trial, the observer removed a cork from the side of the 
shelter and the fish was given ten minutes to exit. Upon exiting the fish was allowed five minutes 
to eat the worm. 
After eating the worm, the fish was placed back into the shelter in preparation for the 
next trial. If the fish did not emerge from the shelter within ten minutes after the cork was pulled 
or eat within five minutes after emergence, the observer recorded the maximum times for these 
behaviors, removed the food reward and gently poured the fish out of the shelter if necessary. 
Between trials fish were allowed to reacclimate to the shelter for two minutes. After the fourth 
trial of the day the fish were returned to their home tanks.  
Training for the barrier task was criterion based. In order to move on to the barrier task, 
the individual had to emerge from the shelter within 10 minutes and directly approach and eat the 
food reward within five seconds on three out of the four trials. The one failed attempt could not 
be on the fourth trial; this requirement was to ensure that the fish would be motivated throughout 
the four trials. Fish were given a maximum of four days to reach criterion. If an individual did 
not reach criterion for the barrier task within four days, an additional individual from that family 
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was sampled later in the experiment if possible in order to maximize the number of individuals 
tested within each family. 15 individuals did not reach criterion. 
Once an individual had met criterion, the individual moved on to the barrier detour task 
the following day. This task also consisted of four trials, with two minutes between trials. In 
order to reinforce the direct search pattern, the first two trials were exactly the same as the 
training trials. On the third trial a transparent semi-circular barrier was placed between the 
shelter and food reward. The opening into the barrier was positioned directly in front of the 
entrance to the shelter. After removing the cork the individual was allowed 30 minutes to emerge 
from the shelter, navigate around the barrier and eat the food reward. Eleven fish did not solve 
the task and eat within 30 minutes. The observer recorded the duration of the first bout (no break 
in contract longer than five seconds) at the “apex” of the barrier, which is the point of the barrier 
closet to the food reward. Fish that continue to follow the prepotent search pattern established 
during training should spend more time at this portion of the barrier. We interpret greater time 
spent at the barrier apex as lower inhibitory control/higher persistence, because those individuals 
took longer to break away from a previously established behavior pattern. In order to confirm 
that the fish that spent little time at the barrier apex during the third trial were still motivated to 
eat, the fish’s behavior was observed for a fourth time. During the fourth trial, no barrier was 
present. All fish approached and ate the food on the fourth trial. Upon completion of the fourth 
trial, the individual was returned to its home tank.  
Altogether, a total of n=262 individuals from n=8-11 families/population (n=2-7 full sibs 
per family) completed the novel object test and a total of n=247 individuals from n=8-11 
families/population (n=1-4 full sibs per family) completed the barrier task. 
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Statistical Analysis 
R 3.5.3 (http://www.r-project.org/) was used for statistical analyses. We used linear 
mixed models (R Core Team 2016; package = “lme4”; function = “lmer”) to examine time spent 
near and oriented towards the novel object (where more time with the novel object was 
interpreted as higher neophilia) and time at the apex (where greater time at the apex was 
interpreted as lower inhibitory control, i.e. higher persistence and lower willingness to try 
alternative behaviors). Both measures were positively-skewed and were therefore log-
transformed to improve normality. Model residuals were also visually inspected for deviations 
from normality.  
We started with full models in which population, sex, and the interaction between the two 
were included as fixed factors. Body length was included as a covariate. FamilyID nested within 
population was included as a random variable. Sex x Population, and the main effect of Sex were 
never statistically significant and were therefore removed from subsequent analyses. The 
statistical significance of the effect of FamilyID was assessed by AIC (Akaike, 1973), i.e. by 
comparing models with and without the effect of FamilyID (R Core Team 2016; package = 
“care”; function = “anova”) . 
When there was a significant effect of population, post-hoc pairwise comparisons (R 
Core Team 2016; package = “emmeans”; function = “emmeans”) were performed. Post-hoc p-
values were adjusted using the Tukey method for multiple comparisons. 
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RESULTS 
 
Variation in behavior toward the novel object  
Body size (body length) influenced the way that sticklebacks reacted to the novel object 
(β = -0.044, t = -2.134, p=0.034, Figure 4.2, Table 4.2) such that larger fish spent less time near 
and oriented towards the novel object. There was significant population-level variation in 
behavior toward the novel object (Table 4.2, Figure 4.3), such that visually, it appears that 
neophilia increased over the course of invasion as was predicted, but post-hoc tests (Tables 4.3 
and 4.4) did not show significant pairwise differences between the populations. There was a 
trend for sticklebacks from Loberg Lake (which was colonized 28-34 generations prior) to spend 
more time near and oriented to the novel object compared to sticklebacks from both Rabbit 
Slough (a marine population, x = 0.844, SE = 0.302, t = 2.793, adjusted p = 0.0723) and Cheney 
Lake (which was colonized 8 generations prior, x = 0.832, SE = 0.295, t = 2.815, adjusted p = 
0.0686). 
We did not detect significant variation among families within populations in behavior 
toward the novel object, as FamilyID did not improve model fit (C2 = 0.026, p = 0.873; AICwith = 
907.25; AICwithout = 905.27, Figure 4.4).  
 
Variation in time spent at the barrier apex 
There was substantial population-level variation in time spent at the barrier apex (Table 
4.2, Figure 4.5), with the overall visual pattern matching our prediction and suggesting that 
inhibitory control increased over the course of invasion. Statistically, according to post-hoc tests 
(Tables 4.5 and 4.6), sticklebacks from Cheney Lake spent significantly more time persisting at 
110 
 
the barrier apex compared to sticklebacks from both Loberg (x = 0.823, SE = 0.277, t = 2.968, 
adjusted p = 0.0474), and Big Beaver (x = 1.043, SE = 0.282, t = 3.704, adjusted p = 0.0059). 
Sticklebacks from Rabbit Slough spent marginally more time at the barrier apex than 
sticklebacks from Big Beaver (x = 0.801, SE = 0.286, t = 2.801, adjusted p = 0.0710). We did not 
detect an effect of body length on time spent at the barrier apex (β = -0.0028, t = -0.166, 
p=0.868, Table 4.2). 
In addition to the significant population-level variation, there was also significant 
variation in time spent at the barrier apex among families within populations (C2 = 6.5894, p = 
0.01026; AICwith = 722.69; AICwithout = 727.28, Figure 4.6). 
 
DISCUSSION 
 
If behavioral and cognitive traits allow dispersing populations to successfully pass 
through the stages of invasion, then there should be differences in behavioral and cognitive traits 
between organisms living in their native versus invaded range, either due to differences in 
selection pressures or non-random dispersal (Griffin et al. 2016). In the current study, we 
observed significant population-level variation in response to a novel stimulus and in inhibitory 
control under common garden conditions. We also observed family-level variation in barrier 
persistence. These findings suggest a heritable component to both neophilia and inhibitory 
control, and that these traits can evolve. 
 We hypothesized that neophilia would be higher in freshwater populations of 
sticklebacks compared to marine (ancestral) populations, because seeking and/or being willing to 
investigate novel stimuli may help individuals locate new habitats and discover novel resources. 
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After correcting for multiple comparisons, post-hoc analysis did not identify any significant 
pairwise differences between populations. However, examining the observed means lends 
general support to this prediction with marine populations spending less time on average 
investigating the novel object. Length was also found to be a significant co-variate in the model: 
larger fish spent less time investigating the novel object. This effect could reflect differences in 
age (animals were measured over the course of five months). Indeed, novelty-seeking has been 
found to decrease with age in other systems (Adriani et al. 1998; Stansfield and Kirsten 2005). 
 We also hypothesized that higher inhibitory control could benefit individuals colonizing 
new environments by helping them stop ineffective behavioral patterns in order to attempt new 
ones. We found some support for this hypothesis: marine populations were more persistent on 
the barrier task (i.e., longer time at the apex). These marine fish took longer to discontinue the 
direct approach pattern that had been reinforced during training in order to attempt an alternative 
approach. 
We also observed significant variation in inhibitory control among families within 
populations, which could reflect genetic variation within populations. However, it is important to 
note that tank effects could potentially contribute to differences among families because full sibs 
were kept in the same tank (although families within each population were evenly distributed 
around the fish room in an attempt to control for location effects). Moreover, the shared tank 
environment does not necessarily lead to similarities, i.e. because individuals diversify within the 
same environment to become more different from each other (Bergmüller and Taborsky 2010). 
Interestingly, sticklebacks from the two “new” freshwater populations behaved very 
differently from each other in this study. Fish from Cheney Lake, which was seeded only nine 
years prior to collection, persisted on the barrier significantly longer than fish from Loberg Lake, 
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which was recolonized 28-34 years prior to this study. There was also a trend of lower neophilia 
in Cheney compared to Loberg. Therefore Cheney tended to more closely resemble the marine 
populations while Loberg was more similar to the established freshwater populations. There are 
at least two possible explanations for this pattern. First, it is possible that behavioral and 
cognitive traits can evolve very quickly due to selection over the course of invasion of 
freshwater, causing Loberg to diverge from the ancestral marine form in as little as 30 
generations. Previous studies have indeed suggested that morphological traits in sticklebacks can 
evolve very rapidly, i.e. within decades (Bell et al. 2004; Bell et al. 2016). 
Another possibility is that the phenotypic differences between sticklebacks from Loberg 
and Cheney reflect differences in the way that the two lakes were colonized; Loberg was 
naturally colonized, while sticklebacks were experimentally introduced to Cheney. It is possible 
that sticklebacks from Loberg were more neophilic and exhibited higher inhibitory control 
because there was nonrandom dispersal of particularly novelty seeking, flexible and uninhibited 
behavioral types of individuals into Loberg, but a random sample of behavioral types were 
artificially introduced into Cheney. Further studies tracking how behavioral and cognitive traits 
change over time in the Cheney population (and similar experimental lakes (e.g., Scout Lake)) 
could help tease these hypotheses apart. 
An important consideration is that sticklebacks from marine and freshwater populations 
in this study not only differ in whether they are at the start or end of the invasion process, but 
also in whether they are adapted to relatively high or low salinity environments, respectively, and 
the animals in this experiment were reared and measured in low salinity conditions. Indeed, an 
alternative explanation for the population differences observed in this study is that they reflect 
the effects of salinity rather than stages of invasion. Perhaps sticklebacks from freshwater 
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populations are more neophilic and have greater inhibitory control because low salinity favors 
those traits via either plasticity or selection; salinity acclimation has been shown to affect 
behavior in other fish species (Fanta-Feofiloff et al. 1985). Experiments comparing neophilia and 
inhibitory control in high versus low salinity conditions is a promising direction for future work. 
Another possibility is that marine populations behaved differently compared to freshwater 
populations in this study because the low salinity conditions in this experiment were more 
stressful to them. We think this is unlikely because we did not detect signs of excessive stress in 
the marine fish compared to the other populations in terms of overall health and viability, and 
they naturally experience low salinity conditions as part of their anadromous life history (Rabbit 
Slough: Bell et al. 2016; Resurrection Bay: Personal communication with Rich King).  
Species invasions have important consequences for evolution. Identifying the traits that 
allow animals to successfully move into new habitats is critical for elucidating the mechanism 
that drive variation between population (Hayes and Barry 2008; Kolar and Lodge 2001). 
Propagule pressure, or the size of the dispersing population, is a consistent factor in invasion 
success (Lockwood et al. 2009; Simberloff 2009), and there is growing appreciation that 
variation in behavior and cognition can help explain differences in propagule pressure as well as 
improve our understanding of how successful invasive populations are able to successfully 
navigate different stages of the invasion process (Chapple et al. 2012; Griffin et al. 2016; 
Holway and Suarez 1999; Wright et al. 2010). Our data suggest that both neophilia and 
inhibitory control have evolved over the course of freshwater colonization in stickleback. By 
capitalizing on the natural experiment provided by the stickleback radiation and a common 
garden experimental design, the current project provides support for emerging theory about how 
behavioral and cognitive traits can facilitate and evolve over the course of biological invasions. 
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the training tanks by gently scooping them in a cup to minimize stress. 
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TABLES AND FIGURES 
 
Population 
name Population type Latitude/Longitude 
Resurrection 
Bay Marine 59.970 N, 149.381 W 
Rabbit Slough Marine 61.537 N, 149.220 W 
Cheney Lake “New” Freshwater (5 generations; established 2009)1 61.2028 N, 149.7583 W 
Loberg Lake “New” Freshwater (30 generations; established 1983-1988)2 61.560 N, 149.258 W 
Cornelius Lake “Established” Freshwater 61.628 N, 149.256 W 
Big Beaver Lake “Established” Freshwater 61.581 N, 149.833 W 
1 Bell, M.A., D.C. Heins, M.A. Wund, F.A. von Hippel, R. Massengill, K. Dunker, G.A. 
Bristow, and W.E. Aguirre. 2016. Reintroduction of threespine stickleback into Cheney and 
Scout Lakes, Alaska. Evolutionary Ecology Research 17: 157-178. 
2 Bell, M.A., W.E. Aguirre, and N.J. Buck. 2004. Twelve years of contemporary armor evolution 
in a threespine stickleback population. Evolution 58:814-824. 
 
Table 4.1. Description of the populations. Number of generations at the time of collection is 
indicated. 
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Table 4.2. Linear mixed models testing for the effect of population and body length on time 
near and oriented to the novel object and time at the apex. 
  
 Time near and oriented  Time at the apex 
Factor F(df) p-value  F(df) p-value 
Population 3.076(5,62) 0.01528  3.597 (5,59)  0.007 
Length 4.552(1,235) 0.03392  0.028 (1,239) 0.868 
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Population  Estimate SE Lower CI Upper CI 
Resurrection Bay (Marine) 2.75 0.258 2.24 3.27 
Rabbit Slough (Marine) 2.73 0.217 2.29 3.16 
Cheney Lake (New) 2.74 0.208 2.32 3.15 
Loberg Lake (New) 3.57 0.210 3.15 3.99 
Cornelius Lake (Established) 3.49 0.213 3.07 3.92 
Big Beaver Lake (Established) 3.17 0.204 2.76 3.58 
Confidence level used: 95% 
Table 4.3. Estimated marginal mean time spent near and oriented to novel object in each 
population. 
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P-value adjustment: Tukey method for comparing a family of 6 estimates 
M = Marine; N = New Freshwater; E = Established Freshwater 
Table 4.4. Estimated mean differences in time spent near and oriented to the novel object 
between populations. 
  
Contrast                        Estimate 
difference 
SE t-ratio p-value 
 Resurrection Bay (M) – Rabbit Slough  (M)    0.0286 0.333 0.086   1.0000 
 Resurrection Bay (M) – Cheney (N)            0.0160 0.326 0.049   1.0000 
 Resurrection Bay (M) – Loberg (N)            -0.8155 0.334 -2.444   0.1574 
 Resurrection Bay (M) – Cornelius (E)         -0.7386 0.345 -2.140   0.2799 
 Resurrection Bay (M) – Big Beaver (E)        -0.4150 0.337 -1.232   0.8192 
 Rabbit Slough (M) – Cheney (N)              -0.0126 0.299 -0.042 1.0000 
 Rabbit Slough (M) – Loberg (N)               -0.8441 0.302 -2.793 0.0723 
 Rabbit Slough (M) – Cornelius (E)            -0.7672 0.307 -2.502 0.1391 
 Rabbit Slough (M) – Big Beaver (E)           -0.4436 0.300 -1.480   0.6782 
 Cheney (N) – Loberg (N)                      -0.8315 0.295 -2.815   0.0686 
 Cheney (N) – Cornelius (E)                   -0.7546 0.300 -2.514   0.1358 
 Cheney (N) – Big Beaver (E)                  -0.4310 0.293 -1.470   0.6841 
 Loberg (N) – Cornelius (E)                  0.0770 0.298 0.259   0.9998 
 Loberg (N) – Big Beaver (E)                  0.4005 0.292 1.373   0.7425 
 Cornelius (E) – Big Beaver (E)              0.3236 0.289 1.119   0.8713 
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Population  Estimate SE Lower CI Upper CI 
Resurrection Bay (Marine) 2.18 0.239 1.71 2.66 
Rabbit Slough (Marine) 2.46 0.203 2.06 2.87 
Cheney Lake (New) 2.70 0.196 2.31 3.09 
Loberg Lake (New) 1.88 0.195 1.49 2.27 
Cornelius Lake (Established) 2.04 0.199 1.64 2.43 
Big Beaver Lake (Established) 1.66 0.199 1.26 2.06 
Confidence level used: 95% 
Table 4.5. Estimated marginal mean time at the apex for each population. 
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P-value adjustment: Tukey method for comparing a family of 6 estimates  
M = Marine; N = New Freshwater; E = Established Freshwater 
Table 4.6. Estimated mean differences in time at the apex between populations  
 
 
  
Contrast                          Estimate 
difference 
SE t-ratio p-value 
 Resurrection Bay (M) – Rabbit Slough (M)   -0.279 0.310 -0.900   0.9449 
 Resurrection Bay (M) – Cheney (N)            -0.520 0.304 1.710   0.5306 
 Resurrection Bay (M) – Loberg (N)            0.303 0.310 0.976   0.9238 
 Resurrection Bay (M) – Cornelius (E)         0.147 0.320 0.459   0.9973 
 Resurrection Bay (M) – Big Beaver (E)        0.523 0.317 1.647   0.5709 
 Rabbit Slough (M) – Cheney (N)              -0.242 0.281 -0.860 0.9544 
 Rabbit Slough (M) – Loberg (N)               0.582 0.282 2.060 0.3222 
 Rabbit Slough (M) – Cornelius (E)            0.425 0.287 1.483 0.6759 
 Rabbit Slough (M) – Big Beaver (E)           0.801 0.286 2.801   0.0710 
 Cheney (N) – Loberg (N)                      0.823 0.277 2.968   0.0474 
 Cheney (N) – Cornelius (E)                   0.667 0.282 2.362   0.1860 
 Cheney (N) – Big Beaver (E)                 1.043 0.282 3.704   0.0059 
 Loberg (N) – Cornelius (E)                  -0.156 0.277 -0.564   0.9929 
 Loberg (N) – Big Beaver (E)                  0.220 0.278 0.792   0.9678 
 Cornelius (E) – Big Beaver (E)               0.376 0.276 1.361   0.7495 
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Figure 4.1. Map of sampling sites. 
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Figure 4.2. Bigger fish spent less time near and oriented to the novel object. Each data point 
represents a different individual, color coded by population. 
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Figure 4.3. Population-level variation in time spent near and oriented to the novel object. 
Each data point represents the mean of n=8-11 families with n=2-7 full sibs per family; bars 
show standard errors. 
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Figure 4.4. Family-level variation in time spent near and oriented to the novel object. Each 
data point represents the mean (+/- se) of n=2-7 individuals per family, with families color coded 
by population. 
125 
 
 
Figure 4.5. Population-level variation in time at the apex. Each data point represents the mean 
of n=8-11 families with n=1-4 full sibs per family; error bars represent standard error. *P<0.05, 
**P<0.01.  
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Figure 4.6. Family-level variation in time at the apex. Each data point represents the mean 
(+/- se) of n=1-4 individuals per family, with families colored coded by population. 
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APPENDIX A 
 
SUPPLEMENTARY MATERIALS FOR CHAPTER 1 
 
FIGURE 
 
 
Figure A.1. Scatterplots showing relationships between reversal learning performance (a-c) 
or flexibility (i.e., proportion correct on first reversal session; d-f) and other traits. Each 
data point represents a different individual, coded by sex (open circles = females, closed circles = 
males). 
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APPENDIX B 
 
SUPPLEMENTARY MATERIALS FOR CHAPTER 2 
 
FIGURE 
 
 
 
Figure B.1. Top-down view of the tank during training trials for a) color and b) side 
discrimination learning. Figures are oriented so that the top of each diagram represents the 
back of the test tank. The large black circle represents the starting shelter and the smaller circles 
represent search cups (light gray = yellow; dark gray = blue). The arrow point to the correct cup 
choice. The diagonal stripe region represents the “correct choice” region and the dotted-bordered 
region represents the “incorrect choice” region. 
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APPENDIX C 
 
SUPPLEMENTARY MATERIALS FOR CHAPTER 3 
 
TABLE 
 
 b Std. error z p 
Initial criterion d  -0.0423 0.0197 -2.153 0.0313 
Reversal criterion d -0.0196 0.0112 -1.762 0.0781 
Reversal session 1 d -0.0382     0.0276   -1.383    0.1666 
Reversal trial 1 persisty 0.0249    0.0580 0.428     0.669 
Boldness 0.0642 0.0396   -1.619   0.1116 
PC1novel object -0.0291 0.0501 -0.580     0.564 
PC1barrier 9.962e-05   4.435e-02 0.002 0.998 
d = negative binomial family model; y=binomial family model 
Table C.1. Estimate results of models testing for the effect of length on learning and 
behavior. 
 
